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Abstract 
Current approaches in developing porous 3D scaffolds face various challenges, such as 
failure of mimicking extracellular matrix’s (ECM) native building blocks and its 
functionality. Biopolymer based aerogels have shown to provide structural similarities to 
the ECM owing to their 3D format and a highly porous structure with interconnected 
pores. Utilising functional biopolymers (such as hydrophilic polysaccharides and 
proteins) to fabricate aerogels through freeze-drying technique is found to improve 
swelling degree, support cell growth and offer rapid enzymatic biodegradation, making 
such biomaterials appropriate as 3D scaffolds in tissue regeneration. Utilising hydrophilic 
natural biopolymers is associated with drawbacks such as poor mechanical properties and 
fast dissolvability. The present research focuses on using cellulose nanofibers (CNF) as a 
suspension to support the development of porous 3D aerogel biocomposites, 
compensating the drawbacks associated with natural biopolymers. To develop the 
biocomposites, CNF is blended with gelatine and starch to obtain aerogels with optimal 
physicochemical, mechanical and biological characteristics intended to be used as 3D 
scaffolds for tissue regeneration. The CNF biocomposites with various ratios of CNF: 
starch (CNF-starch) and CNF: gelatine (CNF-GEL)) were synthesized, and their 
properties were investigated in terms of physicochemical, mechanical and biological 
characteristics. Furthermore, Epichlorohydrin (EPH) was used to investigate the effect of 
chemical crosslinking on the molecular interaction of CNF-starch and CNF-GEL. 
Ultimately, chemical crosslinking helped to improve the mechanical resilience of the 
aerogels. The tunability of the physiochemical, mechanical and biological properties of 
the developed biocomposites makes such structure a great candidate as scaffolds for tissue 
engineering applications. Both in-vitro and in-vivo studies revealed satisfactory 
biocompatibility for the crosslinked CNF-GEL biocomposites using dermal fibroblasts. 
Furthermore, curcumin, a natural material with inherent antimicrobial properties, was 
added into the CNF-GEL biocomposite as an active molecule agent to improve the 
antimicrobial and anti-inflammatory responses of the scaffolds. The addition of curcumin 
was effective against both gram-positive and gram-negative due to the lack of existing 
antimicrobial characteristics in both CNF and gelatine.  
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Chapter 1: Introduction 
 
1.1 Background study and significance of the research 
The current conventional clinical treatment for tissue damage or organ loss is to find the 
adequate tissue replacement through autograft (from the patient’s own organ), allograft 
(from another donor) and xenograft (from another species) (Pham, Greenwood, Cleland, 
Woodruff, & Maddern, 2007). However, there are severe limitations associated with these 
treatments, such as organ shortage, immunogenic rejection, and disease transmission 
(Babensee, Anderson, McIntire, & Mikos, 1998; Pham et al., 2007). Tissue engineering 
is a multidisciplinary and emerging field which focuses on restoring and repairing 
damaged tissues and organs, through designing and synthesising natural and synthetic 
biomaterials. To develop engineered structures (scaffolds) for tissue regeneration, the 
choice of the optimal material is a crucial aspect to obtain the ultimate functionality of the 
scaffolds. Such scaffolds can act as 3-dimensional (3D) templates to facilitate cell 
proliferation, adhesion, growth and differentiation. They also promote oxygen 
permeability as well as diffusion of nutrients (López-Iglesias et al., 2019). These 
engineered scaffolds also promote vascularisation and formation of tissues, which are 
vital for tissue regeneration. Generally, the source of biomaterials used for scaffold 
fabrication are either natural (polysaccharide, protein and collagen, chitosan, hyaluronic 
acid HA) or synthetic (such as poly(ethylene glycol) (PEG), poly-L-lactic acid (PLLA), 
polycaprolactone (PCL), and poly(lactic acid-co-caprolactone) (Afewerki, Sheikhi, 
Kannan, Ahadian, & Khademhosseini, 2019).  
The primary challenge in designing biomaterials for 3D scaffold fabrication is obtaining 
structural similarities to that of building blocks of the native extracellular matrix (ECM). 
The ECM contains acellular 3D Nano and microfibril networks with different amino 
acids, proteins, collagens and sugar-based macromolecules that support cell growth, 
migration and proliferation. In this context, nanostructured aerogels have shown to 
provide structural similarities to the biomacromolecules existing in ECM, supporting cell 
functions and improving the permeability of oxygen, nutrients and water-soluble 
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metabolites (Borisova et al., 2015). Due to the highly porous structure and large surface 
area (>300 m2/g) with interconnected pores obtained by aerogels, the morphology of these 
structures can mimic the ECM (Liu et al., 2016a). Also, aerogel’s robustness has been 
suggested to be a good support for cell growth (García-González et al., 2019).  
Despite having excellent morphological, chemical and mechanical characteristics, 
synthetic polymers lack the support of biological cues required for cell proliferation, 
growth and attachment both in-vitro and in-vivo in aerogel preparation (Mogoşanu & 
Grumezescu, 2014). In this context, the use of hydrophilic natural biopolymeric networks 
to form aerogels can aid the high swelleability (water uptake) by offering highly porous 
structures, which renders aerogels as an ideal structure for 3D cell culture, as well as 
supporting cell nutrients and growth.  
Proteins (such as collagen, gelatine, silk fibroin) and polysaccharide (such as starch and 
cellulose) based scaffolds have been explored extensively for scaffold fabrication and 3D 
cell culture. Gelatine is an extract of the hydrolysis of collagen (a main component of 
ECM), and starch is a carbohydrate consisting of amylose and amylopectin, which can 
support cell nutrients (Mogoşanu and Grumezescu, 2014). However, their solely use in 
scaffold fabrication has many drawbacks, such as fast enzymatic degradation, high 
dissolvability and poor mechanical properties (Andreu et al., 2015). This is mainly due to 
their high water solubility and poor mechanical strength, which can accelerate the 
degradation, also, its physical network covalent bonding is unstable in aqueous state 
(Dalev et al., 1998). Therefore, chemical crosslinking of gelatine and starch with another 
mechanically stable biopolymer can enhance its covalent bonding between their chains, 
resulting in more stable biocomposites. This method can also help optimize the enzymatic 
degradation to provide further support on cell attachment and proliferation and the 
scaffold’s ultimate functionality.  
Cellulose is the most abundant natural polymer which offers excellent properties such as 
biocompatibility, renewability, cost-effectiveness, hydrophilicity and strong mechanical 
resilience (Lin & Dufresne, 2014). Cellulosic material offers high mechanical strength 
due to having compact fibrils structure, tailorable physiochemical and morphological 
behaviours, no toxicity and low immunogenicity, fibrous characteristics and gel formation 
which help the formation of highly porous aerogels (Bacakova et al., 2019). Due to the 
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Moreover, by fully degrading cellulose, glucose can be formed, which cells can use as a 
source of energy (Nishino, Matsuda, & Hirao, 2004). Nanocellulose is mainly used as a 
common term for isolated cellulosic material having the dimension in the nanometre range 
and are mainly in form of bacterial cellulose (BC), cellulose nanofibers (CNF) and 
cellulose nanocrystals (CNC). Mainly, the differences of these nanocellulose is 
determined by macromolecular composition of the cellulose source. For instance, chain 
length for cellulose from wood pulp (CNF) is between 300 to 1700 units, while BC units 
ranges from 800 to 10,000 (K. Zhang et al., 2019). This makes BC a higher crystalline 
structure with higher degree of polymerisation which results in slower enzymatic 
degradation. Compared to BC, CNF offers faster enzymatic degradation in the human 
body, with less crystallinity and number of glucose units per polymer molecule 
(Nechyporchuk, Belgacem, & Bras, 2016). This can also be linked to its number of 
glucose units per polymer (high degree of polymerization). Additionally, in physiological 
condition, the body is unable to fully degrade the linear chain of several hundred to over 
10,000 of β (1→4) linked D- glucose units of cellulose (C6H10O5, figure 1-1) (Afewerki 
et al., 2019).  
 
Figure 1-1 The atomic structure of the repeating units of cellulose chains (K. Zhang et al., 
2019).  
This arises the need to develop biocomposites containing various biopolymers to tune and 
control their physicochemical, mechanical and biological characteristics.   
Biocomposites containing cellulose combined with starch or gelatine can mimic the 
functionality of the ECM by better-resembling glycoprotein formation (Gorgieva, 
Girandon, & Kokol, 2017). However, previous studies suggested that starch at high 
concentration can cause cell detachment from the composite scaffolds (Van Nieuwenhove 
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et al., 2017). The in-vitro biodegradation study also revealed rapid enzymatic degradation 
on starch due to its high solubility. Other studies confirmed that such characteristic can 
be compensated by the use of CNF as a suspension to help tune the degradation behaviour.  
Nevertheless, the addition of starch and gelatine can reduce the mechanical strength of 
CNF based biocomposites aerogels. To compensate this drawback, chemical crosslinking 
can be used to potentially improve the covalent bonding between polymer chains in order 
to enhance the structural stability of the aerogels.  Normally, chemical crosslinkers should 
offer biocompatibility and improved matrix metalloproteinases (MMP) (Dharunya et al., 
2016). This method can help investigate the crosslinking effect on the improvement on 
the morphological, mechanical and biological properties of both CNF-starch and CNF-
GEL biocomposites by creating a stronger molecular bond between their networks (Moad, 
2011).  
Furthermore, antimicrobial and anti-inflammatory behaviour of such biocomposites is of 
great importance. None of the abovementioned biopolymers and biocomposites offers 
such characteristics. To overcome such limitation, curcumin has been explored as a 
naturally occurred nutraceutical compounds found in turmeric (Curcuma longa) 
(Khamrai, Banerjee, Paul, Samanta, & Kundu, 2019). It offers prominent pharmacological 
advantageous (anti-cancer, antioxidant) and it has shown to be effective for wound healing 
(Nguyen, Nguyen, & Hsieh, 2013). 
To this end, naturally derived protein and polysaccharides-based polymers, such as starch 
and gelatine, are of great interest as they can help repair the extracellular matrix 
functionality. These natural polymers can offer suitable chemical and biological 
characteristics suitable for hosting various cell types within the scaffolds (Mao, Zhao, 
Yin, & Yao, 2003; Mogoşanu & Grumezescu, 2014). Also, curcumin offers prominent 
wound healing and therapeutic properties. There is currently, to the best of our knowledge, 
no report on the use of curcumin on 3D CNF-starch and CNF-GEL biocomposite aerogels 
for tissue engineering applications.   
This work focuses on using chemically mediated 2, 2, 6, 6-tetramethylpiperidine-1-oxyl 
(TEMPO) CNF as a suspension to develop 3D biocomposite scaffolds, where CNF is 
combined with starch (CNF-starch) and gelatine (CNF-GEL) to investigate their 
physicochemical, mechanical and biological properties, as functionalised scaffolds for 
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tissue regeneration. The main reason behind utilising TEMPO oxidation CNF is because 
this method avoids the aggregation of fibrils within the cellulose structure. Finally, 
curcumin is added as an antimicrobial compound to investigate the anti-microbial effect 
of the developed biocomposites for further wound healing applications. 
1.1.1 Tissue engineering (TE) 
The tissue engineering refers to regeneration of missing or damaged tissue or organ by 
combining patient’s cell with an engineered scaffold, on which the cells can attach and 
guide tissue formation. There are more than 200 types of cells in human body which form 
tissues and organs. The two main cell types are so called somatic and germ cells. Somatic 
cells form the building blocks of the body organs and divide by mitosis, and germ cells 
produce gametes and are existed in the ovaries and testes (Kang et al., 2007).  
Generally, tissue engineering encompasses three phases: (i) isolation of cells from the 
body; (ii) incorporation of tissue induced substances and (iii) seeding the cultured cells 
onto the scaffold. Moreover, TE main goal is to induce tissue-specific regeneration 
process, thus developing scaffolds intended for specific tissue and organs is highly crucial. 
To this end, controlling and tunning scaffold’s physiochemical, mechanical and biological 
properties can pave the way for obtaining optimal tissue regeneration. For instance, 
scaffolds intended for bone tissue regeneration requires more mechanical resilience 
compared to scaffolds used for skin tissue regeneration. Scaffolds are merely used as a 
template to provide suitable environment for the cell regeneration or tissue reformation. 
One of the main challenges for researchers in tissue engineering field is to reconstruct and 
restore the functions on extracellular matrix within the tissues. Therefore, developing 
functional scaffolds through biomaterials that can provide 3D architecture as ECM remain 
an ongoing challenge. Such templates must be able to facilitate cell adhesion, growth, 
proliferation and cell differentiation. Therefore, engineered scaffolds could potentially 
promote vascularisation and tissue formation which are necessity of tissue engineering 
and regenerative medicine.  
Generally, to prepare porous 3D scaffolds, natural (alginate, gelatine, chitosan, 
polysaccharides) and synthetic polymers (PEG, PLLA, PCL etc.) are used to replicate 
physiochemical, mechanical and biological properties of ECM. (Afewerki et al., 2019). 
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The ECM consists of acellular 3D networks with various amino acids, proteins, 
polysaccharides and sugar-based macromolecules. ECM is a dynamic structure, which 
provides structural and anchoring support to the cells and ultimately improve tissue 
architecture. Also, it regulates cell signalling and functions via cell-matrix interaction. 
Therefore, there is a great interest on developing a tuneable structure that can provide 
structural similarities to the biomacromolecules of ECM, enhance permeability of oxygen 
and provide a structure for transferring nutrient to the cells and other water-soluble 
metabolites.  
Choosing the appropriate biomaterial for fabricating 3D structure for tissue regeneration 
is of great importance to obtain ultimate functionality. Utilising natural polymers can pave 
the way for better tissue regeneration due to their inherent biological resemblance to 
natural tissue. In this context, various natural polymers with adequate mechanical, 
biological and structural properties have been explored (Metcalfe and Ferguson, 2007). It 
is worth mentioning that many polymers can be functionalised, therefore, polymers are 
generally diverse materials. However, many natural polymeric materials lack sufficient 
mechanical properties or inappropriate biodegradation, hence polymeric based 
nanocomposite scaffolds with bioactive and biocompatible can be a promising option for 
3D scaffolds.  
1.1.2 3D biocomposite scaffolds (Aerogels) 
3D scaffolds in tissue engineering are merely used for drug delivery, cell behaviour 
investigation and material characteristic studies (Fereshteh, 2017; Sultana, 2018). 
Composite materials are defined as solids containing two or more distinct constituent 
materials, on a scale larger than atomic (Park and Bronzino, 2002). They normally offer 
controllable physical, chemical, mechanical and biological properties. Generally, the 
fabrication of highly porous scaffolds with adequate pore sizes is quite challenging due to 
the highly complex structure which is similar to ECM. The use of highly porous 3D bio-
polymeric aerogels has only recently been studied. Aerogels are made of nanocomposites 
obtained by freeze-drying, salt leaching, CO2 supercritical drying and phase separation. 
Amongst these techniques, freeze-drying is shown to be a green sustainable and 
environmentally friendly approach to obtain highly porous aerogels. They offer highly 
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porous, ultra-lightweight 3D structures with excellent mechanical properties. They can be 
fabricated in form of suspension using biopolymers using sol–gel chemistry where the 
liquid portion of the gel is replaced with gas by a proper drying technology. Due to the 
significant challenges encountered in preparing interconnected, highly porous scaffolds, 
limited studies have been focussing on assessing their tuneability behaviour of 
biocomposites to enhance their functionality. A highly porous biocomposite scaffolds 
must offer sufficient biodegradability, cytocompatibility, and provide adequate 
mechanical support, physical and biochemical properties to promote cell growth and 
functions. The porosity, pore interconnectivity and pore sizes of the aerogels have direct 
influence on their functionality for each specific biomedical application. For instance, 
obtaining porous structure with interconnected and open pores are favourable for cell 
nutrients, proliferation and migration of cells during new tissue formation (Stratton et al., 
2016a) (figure 1-2).  
 
Figure 1-2 SEM images of highly porous biocomposite  scaffolds made from alginate and 
chitosan (a ,b) and native human tissue with interconnected pores (c, d) (Loh and Choong, 
2013a). 
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Cellulose is an abundant and diverse material with tuneable properties which can be 
applied to various biochemical and biophysical environments. Cellulose based 
biomaterials offer distinguished advantages over conventional synthetic materials and 
offer great promises to explore as frontier of nanomaterials. There is currently a great 
interest in use of nano-cellulose materials, thanks to their highly biocompatible, strong 
mechanical strength, non-toxic and cost effective properties (Moon et al., 2011) . Their 
naturally inherent biocompatible properties, high water uptake capacity, flexibility and 
porosity can help them excel the function of tissue engineering scaffolds to support cell 
growth and regeneration. However, they have some limitation compared to other natural 
polymers (starch or protein based), including slow degradation and limited biological 
support for cell adhesion (Lin and Dufresne, 2014). To overcome these limitations, they 
can be tuned and improved by combining with another functionalised polymer. Gelatine 
and polysaccharides (starch) are proven to be biocompatible and biodegradable natural 
source polymers with excellent functionality for wound healing (Nieto-Suárez, López-
Quintela and Lazzari, 2016). However, their use alone is not suitable for preparing 3D 
scaffolds due to their inadequate mechanical strength and rapid degradation in aqueous 
solution (Afewerki et al., 2019).  
Gelatine is a common biomaterial used for 3D cell culture, which offers suitable chemical 
and biological cues for hosting different cell types. Despite its broad spectrum of 
applications, there are various limitations associated with gelatine in scaffold preparation, 
including inadequate mechanical properties, fast enzymatic degradation and limited water 
retention capacity (Song, Kim and Kim, 2008; Su and Wang, 2015).  
There have been a few studies exploring the effects of the combination of cellulose 
through chemical crosslinking with starch and gelatine, and their suitability in developing 
biocomposites for scaffold fabrication, and its ultimate use for tissue regeneration. 
Moreover, the chemical crosslinking of cellulose with gelatine and starch can potentially 
provide higher mechanical stability, and help tuning the degradation and water uptake of 
the prepared biocomposites.  
Therefore, a systematic study is required to investigate the functionality of cellulose based 
biocomposites combined with gelatine and starch with various concentrations to assess 
Chapter 1: Introduction 
23 
 
the tuneability of such matrixes for tissue engineering applications, and influence of the 
additives on the properties and functionality of the biocomposites.   
The developed cellulose based biocomposite scaffolds combined with gelatine and starch 
could potentially offer characteristics favourable for wound dressing applications.  
However, there is an important issue associated with such scaffolds, where they offer no 
antibacterial properties to protect the wound from microbial infections. Therefore, to 
further improve the functionality of the developed scaffolds, these biomaterials can be 
combined with other biologically active agents that exhibit antibacterial behaviour. There 
are various studies exploring incorporation of cellulose with different antibacterial agents 
such as metals and silver-based agents (silver sulfadiazine, silver nanoparticles) for 
wound dressing applications, where both are active against Pseudomonas aeruginosa, 
Escherichia coli, and Staphylococcus aureus (Wu et al., 2014; GhavamiNejad et al., 
2015). Silver nanoparticles (AgNPs) is the most explored and developed antimicrobial 
agent for scaffolds in wound healing. However, there are limitations associated with 
AgNPs used for biomedical applications in human body. Several researchers suggested 
that the small size, large surface area and chemical composition of AgNPs can enter 
human cells through biological barriers, reach some sensitive organs and disrupt normal 
cell functions (Bahadar et al., 2016). Also, researches revealed that biocompatibility of 
AgNPs could be a concern as AgNPs destroy mammalian cells at a concentration between 
2-5 μg/mL (Hussain et al., 2005; Bar-Ilan et al., 2009). Meanwhile, another emerging 
natural occurring compound used as antimicrobial agent is curcumin (orange colour), 
which is a least explored antimicrobial drug combined with cellulose based 
biocomposites. It is extracted from naturally occurring polyphenolic compound isolated 
from curcuma longa. Such material can be incorporated into the biocomposite and 
improve the antimicrobial behaviour of the scaffold through a controlled and systematic 
approach.  
 
1.2 Thesis scope and objectives 
The present study aims to assess the effects of synthesising parameters of CNF-starch and 
CNF-GEL on their structural morphology, mechanical and biological properties for 
development of 3D biocomposite aerogels.  
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It is expected that the highly porous 3D structure developed during the fabrication will 
impact the water penetration (swelling degree), as well as improve the mechanical 
strength, and the chemical crosslinking agent (EPH) will also improve the mechanical 
properties of the aerogel. CNF is considered as one of the promising biomaterials for 
tissue engineering owing to its excellent biocompatibility, mechanical resilience and non-
immunogenic and its structural similarities to ECM when forming hydrogel (Oksman et 
al., 2016). However, CNF offers slow enzymatic biodegradation with limited nutrient 
support for cell proliferation and migration.  
Starch is a versatile, abundant and inexpensive polysaccharides with great potential for 
wound dressing application. It can easily be dissolved in aqueous solution therefore it 
offers insufficient mechanical properties and shape instability in liquid. To compensate 
starch’s drawback, CNF is used as a suspension and blended with starch to form 
biocomposites with different composition ratio (CNF-starch). Such biocomposites can be 
further enhanced via chemical crosslinking, where stronger molecular interaction is 
obtained, resulting in tuned physical and chemical properties. Gelatine was incorporated 
into CNF suspension owing to its high-water solubility and its similarity to collagen which 
would benefit the biological properties of the scaffolds, making it an attractive option for 
wound healing applications. It offers high water adsorbing ability and biodegradability 
both in-vitro and in-vivo.  
Curcumin (extract of Curcuma longa Linn) was then finally incorporated into the CNF-
gelatine 3D biocomposite to investigate the anti-microbial behaviour of the developed 3D 
scaffolds. Curcumin offers excellent pharmacological activities and it has been proved to 
have anti-inflammatory and anti-cancer properties, making it an interesting option for 
wound dressing application.  
Micro-porous structures of matrixes with twelve different composite ratios were analysed. 
The microstructure characteristics (pore size) of the scaffolds were investigated by using 
Scanning electron microscopy (SEM) and liquid displacement technique. The in-vitro 
enzymatic degradation and mechanical compression testing were also investigated. It is 
expected that by addition of gelatine and starch into CNF suspension, the biodegradation 
of the scaffold can be tuned and controlled.  
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1.2.1 Objectives 
The objectives of this work are as follow: 
• To develop a hybrid porous 3D structure with interconnected pores from natural 
biopolymer through freeze-drying technique, with improved physiochemical, 
mechanical and biological properties.  
• To tune and control the synthesizing parameters (solution concentration and 
chemical crosslinking) of various CNF suspension matrix incorporated with 
starch and gelatin to obtain potential 3D scaffold for wound healing application.  
• To investigate the physiochemical, mechanical and biological evaluation of the 
developed aerogels used as scaffolds.  
• To study the in-vitro and in-vivo biocompatibility, biodegradability and anti-
microbial properties of the developed scaffolds.  
 
1.3 Organisation of thesis 
This thesis has been arranged according to the following chapters: 
Chapter 1 explains the advances in use of natural biopolymers for aerogels used as 
scaffolds for tissue regeneration. Also, it discusses the current conventional treatments for 
tissue loss and organs and the challenges encountered for those treatments, as well as the 
need for tissue regeneration through various strategies of tissue engineering. It also 
focuses on importance of biomaterials for scaffold fabrication, and the development of 
nanocomposite natural polymers for tuning physiochemical, mechanical and biological 
properties of scaffolds intended for tissue regeneration.  
Chapter 2 presents the literature review and the state of the art on development of 
scaffolds from 2D to 3D microstructures. Also, various types of biomaterials used for 
scaffold fabrication are thoroughly discussed. The different techniques to obtain highly 
porous 3D structure with interconnected pores are reviewed. Cellulose nanofiber (CNF) 
based biocomposites as a potentially option for highly porous structure with various blend 
ratios till now are briefly discussed.  
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Chapter 3 defines the materials, methods and instrumental devices used for development 
and characteristics of the scaffolds. 
Chapter 4 Investigate the effect of composition ratio and chemical crosslinking on the 
physiochemical, mechanical and biological properties of the developed of CNF-starch 3D 
biocomposite aerogels.  
Chapter 5. Study the optimisation and characterisation of 3D CNF-GEL biocomposites 
by investigating the effect of various composition blend ratio (CNF:GEL), as well as the 
effect of chemical crosslinking on physiochemical, mechanical and biological properties 
of the developed aerogel, followed by assessing the tunebability of the physicochemical, 
mechanical and biological (both in-vitro and in-vivo) characterizations influenced by 
incorporation of gelatine. 
Chapter 6 Investigates the effects of curcumin as antimicrobial compound on the 
developed CNF-GEL 3D biocomposite, for potential wound healing applications.  
Chapter 7 Presents a brief summary of the research work highlighting the superior 
physiochemical, mechanical and biological (in-vitro and in-vivo biocompatibility) 
characteristics investigated on various blends of developed CNF-starch and CNF-GEL 
3D biocomposite aerogels. It will also explain the limitation and future work needed to 
further improve the development of the scaffolds for tissue engineering applications. 
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Chapter 2: State of the art of 3D cellulose nanofibrous 
aerogels for tissue engineering applications 
 
 
2.1 Origin of scaffolds 
Injuries, trauma and diseases have led to severe degeneration of tissues in various human 
organs. Therefore, it has always been the main concern to facilitate the repair of such 
damaged tissues, replace or regenerate them. The conventional treatments typically focus 
on transplanting tissue from one site to another, whether from the same patient 
(autograph), from another donor (allograft), or from another species (xenograft). As much 
as these treatments have been revolutionary and lifesaving, they lack scientific and clinical 
validations. Harvesting autograph can encounter serious limitation such as donor site 
morbidity, pathogen transmission and can be costly (Burg, Porter and Kellam, 2000; Ko, 
Sfeir and Kumta, 2010). The same issues are applicable for the allografts, in addition, they 
suffer from the issue of donor limitation, as well as the risk of rejection associated with 
the immune response of the patients (Langer, 2000). To this end, the field of Tissue 
Engineering (TE) with its intriguing broad interdisciplinary scientific field of research 
suggests new hope for the treatment of challenging disorders by regenerating the damaged 
tissue through the development of biological substitutes that help regrowth the organ 
instead of replacing it. The general goal for many studies in this field is to bridge the gap 
between the uses of whole animals with cellular monolayers.  
The “term tissue engineering and regenerative medicine “was initially introduced in a 
workshop in 1988 (National Science Foundation), and it was defined as ‘the combination 
of the principles of materials and cell transplantation to develop substitute (scaffolds) and 
promote endogenous regeneration’(O’Brien, 2011a). This field merely relies on the use of 
porous structures that are called “scaffolds” that can provide a template for tissue 
formation and are able to maintain an environment to carry nutrients/metabolites for cells 
and enhance matrix deposition as well as removal of waste end products (Hollister, 2005). 
The major goal of a scaffold is to offer alternative features found naturally within the 
extracellular matrix (ECM) needed for native cell function. These scaffolds must provide 
structural similarities to the ECM by offering highly porous environment, offer adequate 
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mechanical resilience for tissues and display biological activity that can induce 
regeneration of tissues (Supp and Boyce, 2005).   
2.2. Scaffold development criteria 
2.2.1 substrates used as 2-dimensional (2D) scaffolds 
During the past few decades, various kinds of substrates have been introduced to improve 
the cell functions during in-vitro culture. Chaw et al demonstrated that recombinant 
proteins (laminin or fibronectin) can potentially be used to form a gel layer on the surface 
of substrate to aid the cell adhesion (Dean, Culbertson and D’Angelo, 1997; Chaw et al., 
2007). The use of such substrates is facile but is challenging to mimic the well-ordered 
structure of ECM components. In order to be able to mimic closer the ECM components, 
more protein based biopolymers (gelatine, chitosan, hyaluronic acid, cellulose or other 
polysaccharides) have been used as 2D substrate with more advanced physical and 
chemical quantities (Patel, Bonde and Srinivasan, 2011). Additionally, other methods 
were employed to develop the substrates such as surface pattering, plasma etching, and 
functional materials doping to enhance the cell attachments (Chen, 2009). Nevertheless, 
the employed methods for developing 2D substrates can potentially increase the yields, 
but, undesired shear force appearance and uncontrollable exogenous contact of materials 
are inevitable. Also, the use of such substrates with limited surface area can significantly 
limit the cell proliferation. Moreover, the cellular microenvironment (three-dimensional 
organization) for optimum cell permeability and nutrients in such substrates is sacrificed. 
The use of conventional 2D substrates can provide a useful tool to assess key features of 
cell behaviour (especially on neurons and neuronal synapses), but the inadequate interplay 
between anatomical connectivity and dynamics of cells remain as their major drawbacks. 
Therefore, cellular developments require simple, reproducible and cost effective 
techniques for developing scaffolds that can mimic the microenvironment of native tissue 
that enables 3D cell growth (Abbott et al., 2016).  
2.2.2 Scaffold’s requirements  
The scaffolds must meet various requirements that can determine their suitability for 
tissue engineering applications regardless of the tissue type. Below are the key 
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consideration factors that are important when designing a scaffold for tissue engineering 
purposes (figure 2-1):  
 
Figure 2-1 schematic illustration of requirements for developing scaffolds for tissue engineering 
application [modified from (Seal, Otero and Panitch, 2001)]. 
(a) Biocompatibility 
One of the main criteria of any scaffold is that it must be biocompatible; the cells must 
adhere and attach to the scaffold, function adequately, and migrate within the scaffold and 
proliferate. Upon implantation, the scaffold should offer a negligible immune reaction in 
order to avoid causing severe inflammatory response that could cause rejection by the 
body.  
This section will discuss the evaluation of cytocompatibility via cell adhesion/ 
proliferation and cell morphology.  
The adhesion and proliferation of the cells can be measured by determining the number 
of cells seeded on the scaffold. Currently, colorimetric methods such as 
methylthiazoletetrazolium (MTT) assay or the 3-(4,5-dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS) assay are employed to 
assess the cell metabolic activity. The total absorbance accounts for the viable cells, where 
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dehydrogenase enzymes in viable cells reduces the MTT and MTS to a purple formazan. 
Also, the attachement of the cells to the scaffold’s microenvironment can be monitored 
by SEM, where seeded cells are fixed within the scaffold for further visual observation 
(figure 2-2 a) (Lee and Chow, 2012). The other technique used to observe the cell viability 
is through colorimetric method, where total DNA measurement takes place using 
fluorescent dye (Hoechst and PicoGreen). The main disadvantage of this method is that 
the cells require to be detached and lysed by a laborious process (Ma, Mao and Gao, 
2007).  
The cell morphology, on the other hand, can be investigated through cell imaging using 
SEM. The other method is using fluorescein diacetate (FDA) staining method, which is a 
convenient way to check cell morphology without cell fixation (figure 2-2).  
 
Figure 2-2 Cell morphology observed through (A) SEM and (B) fluorescence image of 
HA/chitosan scaffold cultured for 7 days with fibroblasts cell type (Sun, Khan and Sultana, 
2014). 
(b) Biodegradation 
The replacement of a scaffold through body’s own cell is one of the main objectives of 
any tissue engineered construct. Scaffolds are not intended as permanent implants. 
Therefore, scaffolds must be biodegradable and allow cells to induce their own ECM 
(O’Brien, 2011a). In order for the degradation to take place in line with tissue formation, 
an inflammatory response followed by controlled infusion of cells (macrophages) is 
required. The tissue remodelling after scaffold implantation is mainly associated with a 
strong macrophages reponse, where long term response can typically cause chronic 
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inflammation or scar formation (Swinehart and Badylak, 2016). Biodegradation is usually 
classified as bioabsorbable, bioresorbable and bioerodible properties of the object to be 
studied. Ideally, the degradation rate of biomaterials used for scaffold should be equal to 
or slightly less than the rate of native tissue formation. Therefore, to gain a more tuneable 
degradation rate, the factors such as dimension, molar mass, crystallinity, hydrophilicity, 
environmental pH, porosity, pore size, cells presence and H2O level need to be 
investigated and relationships to be established. For polymeric biomaterials, the 
biodegradation depends on chain scission process when the polymer chains are cleaved 
forming smaller chains; oligomers and ultimately monomers). The enzyme catalysed 
hydrolysis characterizes the chemical degradation of polymers due to the existence of 
hydrolysable bonds. The hydrolysis is initiated when the diffusion of water molecules 
occurs into the polymeric matrix once placed in an aquatic environment (both in-vitro and 
in-vivo). The H2O molecules weaken the chemical bonds of the polymeric matrix, 
resulting in dividing into oligomers and monomers and enabling carboxylic ends to 
autocatalyze ester bonds. Moreover, hydrolysis of biopolymers can be altered by factors 
such as chemical bonds, pH, biopolymer composition, porosity, water uptake and number 
of residual monomers.  
A study by Wang et al investigated the degradation rate of gelatine and PLGA 
biocomposite 3D scaffold. Higher concentration of gelatine in the matrix resulted in faster 
in-vitro biodegradation (Wang et al., 2013).  
Porosity can also influence degradation rates; this can be more effective in cases of lower 
porosity scaffolds due to the possible entrapment of acidic degradation products which 
lead to faster decomposition of the structure. Consequently, higher porosity can also have 
negative impact, where it could create more room for water penetration inside the 
scaffolds, accelerating the degradation rate. Fabricating scaffolds with tuneable properties 
can be the potential solution. A study by Odelius et al compared the degradation of PLA 
scaffolds with similar porosities (>90%) and various pore sizes with the solid PLA films 
by using hydrolytic degradation. The scaffolds with larger pore size exhibited higher 
degradation rates, also, increasing the pore sizes resulted in more rapid degradation profile 
(Odelius et al., 2011).  
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Once the scaffold is degraded, erosion will occur. Mainly, two types of erosion occur on 
biopolymers; surface (heterogeneous) and bulk (homogenous), which is mainly 
influenced by the water diffusion rate and the hydrolysis rate. If the hydrolysis velocity is 
superior to diffusion velocity, surface erosion can occur since water is consumed by 
hydrolysis surface. On the other hand, if chain cleavage is slower than water diffusion, 
the water continuously diffuses into the volume and causes bulk degradation (figure 2-3).  
 
Figure 2-3 schematic representation of the effect of erosion in both surface and bulk state 
(Burkersroda, Schedl and Göpferich, 2002). 
The scaffolds must not be implanted as permanent implants, therefore, their 
biodegradability allows the cells to re-growth their own ECM (Babensee et al., 1998). 
The non-toxicity behaviour of such by-products are also a major concern once interfered 
with other organs; therefore, they should be able to exit the body without interference with 
other organs.  
(c) Mechanical properties 
In order for scaffolds to offer desired environment for the cells, they must possess 
mechanical properties consistent with the anatomical site where it is to be implanted, as 
well as being strong enough to allow surgical handling during implantation. Obtaining 
adequate mechanical strength is known to be one of the most challenging endeavour in 
scaffold preparation, especially for bone or cartilage regeneration purposes. 
 In case of the 3D aerogel biocomposites, the scaffolds with spongy shape is made up of 
interconnected network of fibrils and plates. At low density, open cells are formed with a 
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network of rods, and by increasing the density closed cells are produced as the rods 
progressively spread and flatten. This represents the characteristics of a cellular solid, 
where under compression scaffold should offer linear elasticity at low stresses, followed 
by plateau region of the cell wall collapse and then the densification regime, where stress 
rises steeply. Furthermore, the linear elasticity can be controlled by cell wall bending, the 
plateau region is associated with collapse of the cells (wall plate) and by complete collapse 
of the cell walls, the opposing cell walls touch and offer further strain compressing the 
solid structure, resulting in densification and final region of increasing stress (Gibson, 
2003). By increasing the relative density thicker cell walls with shrunken pore space are 
achieved, resulting in increase of the compressive modulus, raises plateau stress and 
consequently reducing strain at densification (Gibson and Ashby, 2014). Such scaffolds 
must be able to offer sufficient mechanical integrity upon implantation through to the 
completion of remodelling process (Hutmacher, 2006).  
Obtaining optimum mechanical properties have been the one of the main concerns for the 
past few years, since tissues of the human body parts can have various mechanical 
properties ranging from soft (brain, ̴ 0.5kPa), moderate (skin and muscle, ̴ 10kPa), and 
stiff (bone, >30kPa) (Rehfeldt et al., 2007). Various biomaterials have been introduced 
with sufficient mechanical strength; however, their porosity and pore size morphology 
has been sacrificed. Neglecting the relationship between porosity and mechanical 
properties has led to potential in-vitro failure of many implanted scaffolds due to 
insufficient vascularization capacity (Zhong, Zhang and Lim, 2010; Jain et al., 2015; Liu 
et al., 2016b) . Sun et al developed a highly porous scaffold with chitosan and 
HA/chitosan blend using 2.5% (w/v) ratio. They revealed that by incorporating HA into 
the biocomposite, the porosity was decreased from 88 to 82%. This reduction in porosity 
also resulted in an increase in the compressive modulus (from 1.1 to 2.8 MPa). The pore 
size obtained in their scaffolds ranged between 20 to 350 µm (Sun, Khan and Sultana, 
2014).  
Figure 2-4 below illustrates a typical stress-strain curve of the HA/chitosan scaffolds, 
possessing three regions (linear elasticity, long plateau and densification region) as 
discussed above, which is commonly observed for cellular porous structures. 
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There was another study where it showed that the pore sizes and the thickness of the pore 
walls can be controlled by using different polymers and various processing parameters, 
consequently obtaining the controlled mechanical properties (Sultana and Khan, 2012).  
 
Figure 2-4 compressive stress-strain curve of scaffold (Sun, Khan and Sultana, 2014). 
It is absolutely crucial to balance the mechanical properties and porous architecture to 
allow cell infiltration and vascularization for the success of any scaffold (figure 2-5).  
 
Figure 2-5 the relationship between mechanical properties and porosity.  
(d) Architecture of the scaffolds 
Scaffold’s architecture is considered to be one of the most important criteria when 
developing the structure. Having interconnected porous scaffold can ensure sufficient 
cellular penetration and support nutrients to sustain, proliferate and generate new tissue. 
Such highly porous structure is required to also aid the diffusion of waste products out of 
the scaffold, moreover, the products of the scaffold need to degrade and exit the body in 
such a way that it doesn’t affect other organs and surrounding tissues. The lack of 
vascularization and waste removal have always been a major concern for degradation of 
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the scaffolds (Ko, Milthorpe and McFarland, 2007; Phelps and Garcia, 2009). The 
interaction of the cells with the scaffold primarily depends on chemical groups (ligands) 
that are on the material surface. The scaffolds that are synthesized from natural source 
extracellular materials (e.g. gelatine, collagen, or polymeric carbohydrate) inherently 
possess such ligands in the form of Arg-Gly-Asp (RGD) building sequences.  
On the other hand, use of synthetic materials (PLLA, PLGA etc.) for scaffolds preparation 
might require deliberate incorporation of ligands by using various attempts such as protein 
adsorption. The available surface within a pore can influence the density of the ligands, 
i.e. the cells can attach more within those available surfaces, which is a variable of the 
mean pore size within the scaffold. Therefore, the size of the pores are of great 
importance; the pores need to be large enough in order to facilitate cell migration through 
the structure where they would eventually bound with the ligands, but small enough to be 
able to provide adequate high specific surface, resulting in minimal ligand density that 
helps with more efficient binding of cells to the scaffold (I. V. Yannas et al., 1989; 
Murphy, Haugh and O’Brien, 2010). There is a critical range of pore size for any scaffolds 
which depends on the cell type incorporated and the intended tissue to be regenerated (I. 
V. Yannas et al., 1989). Endothelial cells mainly attach to the scaffolds with the pore size 
range of 20-80 µm, whereas fibroblasts cells require pores larger than 100 µm (Mogoşanu 
and Grumezescu, 2014; Abbott et al., 2016). It has been well documented that the scaffold 
pores are crucial for the facilitation of cell biological activities, such as cell migration, 
infiltration and nutrient supply. The nanofiber diameter of fibrous scaffolds has shown to 
have direct positive correlation with pore size. Moreover, to enhance the cell migration 
and proliferation, it is suggested that the pore size of the scaffold should be larger than 
the physical size of the cells. This is of great importance since the pores directly influence 
cell adhesion, migration, proliferation and differentiation (Harley et al., 2008). The pore 
sizes are generally categorised into nano-size (<100 nm), micro pores (100 nm- 100 µm) 
and macro-roughness (100 µm- millimiter) (Vagaská et al., 2010) It has been reported 
that average size of the cells (fibroblasts, osteoblasts, and chondrocytes) is 10 µm 
(Bhardwaj, Chouhan and Mandal, 2018). Table below (table 2-1) shows the optimal pore 
sizes of different cell types.  
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A study by Haugh et al investigated the effect of pore diameter on cellular activity of a 
range of 3D scaffolds produced by freeze-drying. They’ve suggested that the freezing 
temperature is the most influencing factor for varying the pore diameter and size, where 
by decreasing the temperature until -60°C, the pore sizes decreased as well (Haugh, 
Murphy and O’Brien, 2010).  
Table 2-1 ideal pre size for fibrous scaffolds with different cell types. 
Type of cell Ideal pore size Reference 
HSF <160 μm (Yang et al., 2002) 
 Adult mammalian skin cells 20-125 μm 
Endothelial cells <80 μm 
Fibrocartilaginous tissue 150-300 μm (Bhardwaj, Chouhan 
and Mandal, 2018) Smooth muscle cells 60-150 μm 
Osteogenic cells 100-150 μm 
 
To fabricate scaffolds suitable for multiple applications, its ability to alter the pore size 
over various range is of great importance.  The table below represents the range of pore 
sizes suitable for various cellular activities (table 2-2). 
Table 2-2 porosity criteria of different scaffolds required for different cell activities. 
Scaffold 
Application 
 
Type of cell 
incorporated 
iv-vivo 
Scaffold’s 
type 
Pore size 
(µm) 
Porosity 
(%) 
Reference 
Angiogenesis Multilayer 
agent-based 
model 
simulation  
PEG 160-270 - (Artel et al., 
2011) 
Adipogenesis Murine 
embryonic 
stem cells (Rat 
BMCs) 
 
Mice ASCs 
- PCL,  
- Silk gland 
fibroin from 
nonmulberry, 
- Porcine type 
1 collagen 
6-70 
90-110 
 
 
70-110 
88 
97 
(Kang et al., 
2007; 
Mandal and 
Kundu, 
2009) 
Cell infiltration -Dermal 
fibroblasts 
- Primary rat 
osteoblasts 
-Synthetic 
human elastin 
-PHP 
11 
 
100 
34.4 
 
- 
(Akay, Birch 
and Bokhari, 
2004; Rnjak-
Kovacina et 
al., 2011) 
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Chondrogensis 
(cartilage 
regeneration) 
-Human ASCs 
-Porcine 
chondrocytes 
-Rabbit MSCs 
-Porcine 
BMSCs 
- PCL 
 
-Chitosan 
 
-PLGA-GCH 
 
-PLGA, PCL 
 
-PCL, PLGA 
370-400 
 
70-120 
 
200 
 
200-500 
 
750 
 
95 
 
80 
74 
 
30 
 
59 
(Oh et al., 
2010) 
(Sinha et al., 
2013) 
(Griffon et 
al., 2006) 
(Fan et al., 
2006) 
Hepatogenesis 
(bone marrow 
regeneration)  
Human ASCs 
Rat Bone 
Marrow stem 
cells 
-PLGA 
 
-c-PLGA 
120-200 
 
150-350 
- 
 
85 
 
 
(Li et al., 
2010) 
Osteogenesis -In-vivo rat 
implantation 
-hMSC 
-In-vivo mice 
implantation  
-fetal bovine 
osteoblasts 
-HA-BMPs 
-Coralline HA 
-β- tricalcium 
phosphate, 
natural coral 
-PCL 
300-400 
200 
 
2-100 
 
350 
- 
75 
 
75 
 
65 
(Kuboki, Jin 
and Takita, 
2001; 
Mygind et 
al., 2007; 
Shor et al., 
2009) 
Skin 
Regeneration 
- Primary rat 
osteoblasts 
-Guinea pig 
osteoblasts 
and epithelial 
cells 
-Type A 
gelatine 
-Collagen 
-CG 
-Starch 
20-125 
 
250-500 
325 
 
85 
 
- 
- 
(I. V Yannas 
et al., 1989; 
Lien, Ko and 
Huang, 
2009) 
 
 
2.3 Fabrication of porous 3D scaffolds 
To obtain a commercially and clinically viable scaffold or tissue engineered construct, it 
should be cost effective and possible to scale-up from single use in a research laboratory 
to small batch production (Paul et al., 2011). The other important element is to determine 
how the scaffold is stored and delivered to the clinicians. It is usually preferred to use off-
the shelf availability by avoiding extra surgical procedure to harvest the cells in-vitro prior 
implantation.  
There are various techniques that help obtain scaffolds for tissue regeneration purposes 
according to the key criterions discussed above, which would benefit specific tissue 
regeneration requirements in a predictable and reproducible manner using different 
biomaterials.   
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2.3.1 Solvent casting and particulate leaching 
This is a simple and cost inexpensive technique to fabricate scaffolds. A polymer is 
dissolved in a volatile solvent, casted on a substrate followed by evaporating the solvent 
(Kuila and Nandi, 2004). The main drawback of this method is often associated with 
inadequate solvent evaporation, leading to poor porosity. To obtain a more porous 
structure in particulate leaching, some porogen (such as salt, sugar, or polymers) need to 
be added into the polymer and dissolving them after solvent evaporation (figure 2-6). By 
this combined method, the pore sizes and the porosity can be controlled by selecting the 
particle size and the amount of porogens to be added. Although, the salt particles aren’t 
often in uniform contact with the polymer solution, therefore the pore interconnection 
cannot be easily controlled.  
 
Figure 2-6 schematic illustration of obtaining macroporous hydrogel scaffold by solvent casting 
and particulate leaching (Bencherif, Braschler and Renaud, 2013). 
2.3.2 Phase separation 
The main approach on the phase separation to obtain scaffolds is to dilute the biomaterials 
in one solvent and extract the solvent into a different solid by obtaining isolate biomaterial 
structure (Liu and Ma, 2009). The major limitation of this method is the uniformity of the 
pore distribution and sizes as it is difficult to control. 
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2.3.3 3D printing  
This new technique is currently regarded as an emerging fast prototyping method that 
offers precise parameters (size, geometry, interconnected porosity, orientation and 
connection) during the scaffold preparation (Gross et al., 2014). The scaffolds can first be 
instructed through a 3D modelling program (figure 2-7). The design is then sliced into 
several thousands of horizontal layers and directed to the 3D printer for the printing 
process (adding materials layer upon layer to produce the object). It offer precise, efficient 
and simple scaffold fabrication, however, it faces some major challenges such as limited 
printable biomatrices such as acrylate based polymers (PEGDA, GELMA), alginate and 
gelatine polymers (Markstedt et al., 2015). The other arising issue of this method is the 
limited printing resolution of biomaterials for cellular size (it is much larger than 
expected).  
 
Figure 2-7 3D printing schematic setup (costum 3D printing, 2018). 
2.3.2 Gas Foaming 
This is an approach where gas is the porogen for scaffold preparation. For instance, 
polyglycolide (PGA) and poly-L-lactide (PLLA) were used as solid polymer discs by 
compression moulding at high temperature prior applying the high-pressure carbon 
dioxide gas into the discs. The discs are then exposed to the carbon dioxide gas for a few 
days before reducing the pressure back to ambient level. This study suggested the 
elimination of harsh chemical solvents which technically overcome the salt leaching 
process by removing the leaching step from the fabrication process, however, pore 
connectivity is limited and pore sizes can’t be control (Mooney et al., 1996; Nam, Yoon 
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and Park, 2000). Also, due to the utilization of high temperature during disc formation the 
bioactive molecules in the scaffolds can be sacrificed.   
2.3.3 Freeze-drying (FD) 
Freeze-drying (lyophilisation) is a drying method that avoids phase boundaries following 
a three-phase step (freezing the solution, drying the ice crystals, and formation of 
structure) shown in figure 2-8 with red arrow. The first patent for freeze-drying 
application of biological material was recorded in 1927 by Tival for a developed FD to 
enhance the blood serum’s degeneration (Nasri-Nasrabadi et al., 2014). Another 
successful application of freeze-drying was performed by De Groot et al, where they 
combined FD with the salt-leaching method to produce interconnected porous 
polyurethanes and (L-lactic acid) (PU/PLLA) structure for menisci tissue engineering (de 
Groot et al., 1990). The main advantage of this technique is avoiding phase boundaries 
while drying which makes this technique more suitable for or better than other drying 
techniques (supercritical drying). Also, the morphologies of the scaffolds can be tuned 
easily by adjusting the polymer concentration through different solvents, and by removing 
the frozen solvents, the structure obtained will be highly porous.  
 
Figure 2-8 three phase of drying techniques; freeze-drying (red arrow), conventional drying 
(black arrow), and supercritical drying (green arrow) (Abdelwahed et al., 2006). 
 
This technique requires preparing the aqueous precursor solution in advance. The porous 
structure of the scaffolds is obtained by freezing the solvent into ice crystal in a mould 
and sublaminating those ice crystals under vacuum to help obtaining a fully porous 
scaffold. By initiating the freezing process, the ice crystals gradually grow, overcoming 
the impurities to the interstitial regions of those crystals. O’Brien et al investigated the 
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synthesis of a highly uniform collagen- glycosaminoglycan (CG) scaffold by varying the 
mould size and freezing rate. They modified the conventional freeze-drying technique to 
achieve more uniformity between the mould containing CG suspension and the freezing 
environment. The rate of freezing was also reduced to obtain a more homogenous 
scaffold. A typical freezing dryer consists of a sample chamber, a condenser, a vacuum 
pump, and a refrigeration system (shown in figure 2-9).  
It is of great importance to produce homogenous porous structure with controllable pore 
sizes that fit the required architecture of the scaffolds. This can be achieved by freeze-
drying technique relatively easily.  
This cost effective and sustainable technique is a favourable method to efficiently produce 
protein based polymers (collagen, gelatine, PLGA and chitosan), which would otherwise 
be denatured by heating drying and their biological properties would be destroyed (Von 
Heimburg et al., 2001). Freeze-drying can offer scaffolds with porosity up to 99% 
(aerogels) which is greatly beneficial for in-vivo implant test because of it provides 
sufficient capacity for vascularization and nutrition transformation. The highly porous 
scaffolds obtained by this technique can however be challenged by offering inadequate 
mechanical strength (as discussed earlier). Obtaining a balance between mechanical 
properties and porous architecture in scaffolds for cell infiltration is a key challenge for 
an optimum porous scaffold.  
The operating process of freeze-drying includes the following:  
i. Freezing the sample: the sample is frozen in a temperature between -40 to -
80 ℃ in a refrigerator or liquid nitrogen (up to -190 ℃) 
ii. Sample installation: Once the scaffolds are frozen, the samples are placed 
under vacuum, which vaporizes the frozen solvent without passing through the 
liquid phase.  
iii. Cooling down: it is used for frozen products to accelerate the sublamination 
process 
iv. Condensation: the vaporized solvent is removed at low temperature from the 
vacuum chamber by transferring it back to a solid structure.  
v. Unloading the sample: the vacuum is released, following by stopping the pump 
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and removing the sample from the shelves.  
 
 
Figure 2-9 schematic view of freeze-drying.  
 
A study by Shen et al, investigated on use of cross-linked methylcellulose-based porous 
scaffolds produced by FD (Shen et al., 2015). They observed different porosity, 
mechanical strength and degradation at different cross-linking density concentration. 
Their cell culturing experiment revealed that human mesenchymal stem cells (hMSC) 
cultured on scaffolds exhibit high level of osteogenic differentiation marker expression, 
alkaline, phosphatase activity and osteocalcin secretion. Another study by Li et al, 
obtained highly porous scaffolds from collagen which was functionalized with cetuximab 
(which is an antibody). Their therapeutic results in rat SCI model stated that the scaffold 
had various positive effects such as enhancement on neuronal differentiation, promotion 
on axonal regeneration and improvement on functional recovery (Li et al., 2013).  
2.3.4 Electrospinning (ES) 
This technique has been preferred by some researches because of the flexibility of 
fabricating nanofibers substrate that can mimic the extracellular matrix (ECM) at 
nanoscale. Its operation is user friendly, cost effective and the produced fibre morphology 
can be well-controlled (Kumbar et al., 2008). The fibres are produced by applying a high 
voltage to the polymeric solution through a syringe needle (figure 2-9) and collecting 
them on a targeted substrate. The polymeric solution is pumped at a constant flow rate 
from the tip of the capillary once the electrical charges overcome the surface tension. By 
overcoming the surface tension, the liquid is changed into a conically shaped structure 
(Taylor cone), which is then followed by ejecting the cone towards the collector. The fluid 
Chapter 2: Literature review 
 
43 
 
jet will then be collected on the target because of the molecular entanglement in the 
polymeric solution. Once the fluid jets approach the collector, the high surface charge 
density will cause twisting. Ultimately, the electrospun fibres will be collected on the 
surface. The fibre diameter can be altered by adjusting the concentration, flow rate and 
distance between the spinneret and the collector (Andreu et al., 2015). Obtaining an 
optimal highly porous scaffold with ES has always remained challenging. A study by 
Shawn et al., presented that by increasing the fibre diameter, the average pore size of the 
scaffolds increases (Lim and Mao, 2009). The main limitation of the conventional 
electrospun scaffolds is that they are composed of entirely of closed pack fibres, i.e. by 
obtaining nano-scale fibre dimeters, the pore sizes are sacrificed (smaller pore sizes are 
obtained) (Jun et al., 2018). This limits the cell infiltration into the fibrous scaffold and 
forms a two-dimensional (2D) surface rather than three-dimensional (3D) structure, with 
limited structural similarities to the ECM. An study by Sisson et al. observed that the 
small pore sizes obtained by electrospun fibres can hamper cellular migration which could 
limit the tissue ingrowth (Sisson et al., 2010). Another hurdle faced for scaffolds produced 
be ES is the poor mechanical properties of nanofibrous mats. They are generally fragile 
and lack sufficient mechanical strength for in-vitro and in-vivo cell culturing assays.   
 
Figure 2-10 schematic preview of ES procedure. Accessed online:  (Electrospinning setup, 
2016). 
2.3.5 Microfabrication technique 
This is a method used by collection of techniques utilized in processing micro-devices, 
such as photolithography and other soft lithography methods (Gauvin et al., 2012). This 
is a technology utilizing UV irradiation to achieve patterns/ structures predesigned on a 
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mask to a smooth surface. The patterns produced are then transferred to other substrates 
through soft lithography using methods such as PDMS replicating, micro contact printing 
and hot embossing (Borenstein et al., 2007). A precise control of geometry and size 
patterns for scaffold’s design can be obtained through this technique, however, it has 
limited capacity to generate 3D scaffolds because of low spin-coating thickness and direct 
UV light pathway, as well as limited choices of biomaterials for preparation of structures.  
The table below is summarizing the advantageous and disadvantageous of various 
scaffold fabrication techniques discussed above.  
Table 2-3 pros and cons of various scaffold fabrication techniques. 
Fabrication technique Pros Cons 
Solvent casting and 
particulate leaching 
Tuneable pore size control, 
Facile process 
Limited pore interconnection,  
Not many solvent choices,  
Use of harsh chemicals 
Phase separation Desirable structure control Limited solvent choice, not user 
friendly 
3D printing Facile processing, ultrafine 
structure control, sustainable, 
desirable mechanical properties 
 Limited material options. 
Inadequate printing resolution 
Gas foaming High level of pore 
interconnectivity,  
Unsustainable processing,  
Low kinetic stability 
Freeze-drying Highly sustainable (green), 
Vast choices of biomaterials, 
Offering highly porous 
structure with 
interconnectivity,  
Limited mechanical properties, 
large pore size range 
Electrospinning Ultra-Fine fibre size tenability,  
Wide range of material choices 
Prone to the ES environment, 
limited fibre density control, 
challenging repeated 
performance,  
Limited interconnectivity o 
fibres.  
Microfabrication Fine structure design, tuneable 
mechanical properties 
Limited interconnectivity to 
obtain 3D structure,  
Limited material choices.  
 
In order to be able to fabricate the desirable 3D scaffold, the choice of fabrication 
technique is made after assessing the advantageous and disadvantageous of each method 
according to the specific requirements of the intended scaffold. The choice of the 
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appropriate method according the facts shown in table 2 suggests the use of freeze-drying 
(FD), which is inspired by the global trend in the sustainable economy development and 
environmental concerns. Conventional methods to obtain aerogels, such as solvent casting 
and gas foaming may require use of toxic agents (such as CO2) which can harm the 
environment, also obtaining the optimal porosity is not achievable by those techniques. 
On the other hand, FD is favourable for valuable biomaterials or products that are heat 
sensitive with particular application on account to the fact during FD, solvent, which can 
be water or other organic solvents, goes directly from ice to vapor by sublimation process 
at low temperature. This advantages the sensitive components such as drugs where they 
wouldn’t get decomposed or evaporated.  This technique offers 3D scaffolds in form of 
aerogel from various biomaterials sources with excellent biocompatibility with an 
emphasis towards the use of plant-derived biomaterials (such as cellulose) that can bypass 
the low mechanical properties usually obtained through conventional freeze-dried 
scaffolds.  
2.4 Biomaterials used for 3D scaffold’s fabrications 
The use of appropriate material for scaffold preparation is of significant importance which 
all the criteria on the fabrication process is dependent on the biomaterials used. A 
biomaterial is defined as a material intended to influence the biological systems to 
evaluate, treat, augment or replace any tissue, organ, or function of the body (Williams 
and European Society for Biomaterials., 1987).  
Currently, for scaffold fabrication, there are three individual groups of biomaterials; 
inorganic materials (ceramic, metals and minerals), synthetic polymers, and natural 
polymers (including proteins and polysaccharides), which are used to produce various 
structures for tissue engineering applications.  
2.4.1 Inorganic materials 
These materials are mainly used to produce scaffolds for hard tissues applications (teeth, 
bone etc.), such as the use of hydroxyapatite (HA) (figure 2-11a and b) and tri-calcium 
phosphate for bone tissue regeneration (Samavedi, Whittington and Goldstein, 2013; 
Bansiddhi and Dunand, 2014). Such materials offer high mechanical stiffness, low 
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elasticity, tough brittle surface, and excellent biocompatibility, that make them an ideal 
option for bone tissue regeneration (Hämmerle, Jung and Feloutzis, 2002). Also, 
osteogenic cells interact with ceramic based scaffolds in such manner that it enhances the 
proliferation and differentiation of osteoblasts, resulting in improved bone regeneration.  
Despite’s excellent morphological and mechanical properties, such materials offer low 
cell permeation and interaction and poor enzymatic biodegradation due to high brittleness 
with complicated material processing, which limits the application of ceramic and metals 
for scaffold fabrication (Stratton et al., 2016b). Consequently, polymeric based 
biomaterials have been receiving widespread attention due to the rapid development of 
their characteristics for both natural and synthetic types.  
 
Figure 2-11 Processing of nanocomposites using hydroxyapatite to develop scaffolds for bone 
tissue regeneration (a) images of hydroxyapatite (HA) through microscopic lenses with various 
shapes, (b) microstructure images of HA captured with SEM (Yoshikawa et al., 2009), (c) 
scaffolds produced by NiTi for pseudorealistic applications (d) expanded stents made from 
biodegradable Mg  (Oksman et al., 2016). 
2.4.2 Synthetic polymers 
This type of biomaterials is known to be the largest group of biodegradable polymers. 
They offer tuneable and reproducible mechanical properties such as tensile strength, 
elastic modulus, and physical characteristics such as degradation rate (Asti and Gioglio, 
2014). Currently, the most commonly synthetic biopolymers used for scaffold fabrication 
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are poly-lactic acid (PLA), poly-glycolic acid (PGA), poly lactic-co-glycolide (PLGA) 
copolymers, and polycaprolactone (PCL) (Gajendiran et al., 2017). Amongst the 
commonly used synthetic biomaterials, American Food and Drug Administration (FDA) 
approved PLGA for host of therapeutic devices as the most frequently used synthetic 
polymers for tissue engineering because of its outstanding biocompatibility and tuneable 
degradation rate. PLGA has been used to fabricate structures for artificial blood vessel 
and drug delivery as they can be fabricated with tailored architecture (figure 2-12a)  (Lü 
et al., 2009; Lee and Atala, 2013). The other versatile synthetic polymer used in scaffold 
fabrication is PCL which has been widely studied for bone and cartilage tissue 
regeneration (figure 2-12 b-d), biomedical sutures (surgical) and drug delivery proposes 
(Abbasi et al., 2014). PCL has similar physiochemical properties composition to PLGA 
since they both come from the aliphatic biodegradable polyesters’ family, but PCL is more 
cost effective and offer more stable qualities than PLGA because of its identical chemical 
composition. The main limitation of PCL is its processing, which is quite complex in 
terms of controlling the size and density of the fibres produced. A study by Abbasi et al 
showed difficult controllability of  fibre size and shape for electrospun scaffolds (Abbasi 
et al., 2014).  
 
Figure 2-12 (a) SEM images showing structure of (a) PLGA 3-dimensional bone scaffold using 
direct deposition (Lee and Atala, 2013) (b) porous PCL scaffold fabricated by self-assembly (c 
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and d) electrospun nanofibers of PLGA and PCL respectively (Abbasi et al., 2014; L. Huang et 
al., 2016; Xu et al., 2017). 
The other widely used synthetic polymer for scaffold fabrication is polydimethylsiloxane 
(PDMS). One of the main advantageous of PDMS is its adjustable mechanical properties 
which can be controlled by changing the concentration of cross-linker component. This 
material is highly favourable to produce scaffolds by microfabrication technique for bone, 
cartilage and ear clinical application due to its adjustable elasticity and adequate 
biocompatibility (Li et al., 2014).  
However, there are remaining concerns regarding the degradation of synthetic polymers 
such as PLGA and poly-l-lactic acid (PLLA) through hydrolysis which potentially 
generate carbon dioxide that reduced the local pH, resulting in tissue necrosis (Liu, 
Slamovich and Webster, 2006). The other issue with the use of synthetic polymer for 
scaffold fabrication is their hydrophobic surface. There has been approaches to enhance 
their hydrophilicity, for instance, mixing chitosan (a natural protein based polymer) with 
PCL was studied as potential scaffold, however, because of different wettability of 
chitosan and PCL, this technique faced limitation in solvent option and processing criteria 
(Jin et al., 2015).  
2.4.3 Natural polymers 
The naturally derived polymers have shown great potential for tissue engineering 
applications. There are generally two categories of natural polymers based on their 
chemical compositions; polysaccharides, and proteins. The polysaccharides are mainly 
extracted from plants (alginate, cellulose, starch) and some are from animals’ sources 
(chitosan and chitin). Collagen and its derivatives (gelatine) are the most frequently used 
protein-based polymers for scaffold fabrication due to their inherently similar 
composition to natural ECM. One of the main advantageous of protein-based polymers is 
their easy processing; i.e. they are highly soluble in solvents and their chemical 
compositions can easily be tuned. Also, they can be formed from micro to Nano-scale in 
many shapes such as fibre, film and 3D bulk structure (Ki et al., 2005; Panzavolta et al., 
2011) 
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The natural polymers offer various advantages over inorganic and synthetic polymers, 
such as outstanding biocompatibility and cell attachment since they are extracted directly 
from living organs (less chance of immunological rejection compared to synthetic 
polymers).  The importance of resembling ECM role in tissue culture is crucial, therefore, 
collagen as the main component of ECM, and has received extensive attention as a natural 
source polymer for various clinical applications (such as injectable collagen for the 
augmentation of tissue defects, hemostasis, burn and wound dressings and nerve 
regeneration) (Powell, Supp and Boyce, 2008; Li et al., 2013). Although, there are still 
potential drawbacks for using collagen such as antigenic and immunogenic responses for 
in-vivo applications (Lynn, Yannas and Bonfield, 2004). Amongst the products of partial 
hydrolysis of collagen, gelatine has proven to provoke lower immunogenicity during in-
vivo (Lynn, Yannas and Bonfield, 2004). The use of gelatine for scaffold production has 
been increased recently through 3D printing microstructure, electrospun nanofibrous, and 
freeze-dried porous scaffolds (figure 2-13). Gelatine is chosen to be natural biomaterial 
for this work and further details will be discussed in chapter 4 and 6.  
 
Figure 2-13 SEM pictures of gelatine based scaffolds in form of (a) electrospun nanofibrous, (b) 
3D printed microlattice, and (c) freeze-dried porous scaffold (J. Huang et al., 2016). 
There are however various limitations with the use of gelatine and natural polymers in 
general. The potential impurities in different source of extraction can cause unexpected 
immune rejection in-vivo. Moreover, polymers such as gelatine shows poor mechanical 
properties which results in difficult substrate handling and serious deformation during 
both in-vitro and in-vivo clinical applications. The main aim for this study is to develop a 
highly porous 3D structure with the use of gelatine that can be easily handled and provide 
adequate mechanical strength for cell culture.  
 The other promising types of natural polymers (biomacromolecules) used for 3D scaffold 
fabrication is polysaccharides. Moreover, polysaccharides (such as starch, cellulose, 
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chitosan, alginate, etc.) form loose viscoelastic gel in aqueous solution through non-
covalent interaction. Amongst them, starch is shown to be promising as a biocomposite 
for scaffolds since it is renewable, easily available at low cost, biocompatible, and highly 
biodegradable (Alissandratos and Halling, 2012) . Also, it offers similarities to ECM as 
well as low risk of immunological rejection, as well as having tuneable distinct structural 
forms. The main disadvantageous of starch is its low mechanical stability, as per any other 
natural source polymers. However, this drawback can be compensated by reinforcing 
starch with another synthesized biopolymer to form a robust biocompatible based 
scaffold. 
Recently, the use of renewable biomass derived polysaccharides (such as nano-cellulose 
fibres) as an replacement for micro-sized reinforcement in composite materials has 
attracted much attention (Jonoobi et al., 2010). Cellulose, a homopolysaccharide 
composed of β-1, 4-D-glucopyranose units, is inexhaustible polymer with strong tendency 
to create intramolecular hydrogen bond networks that results in interchain cohesion and 
formation of crystalline regions. Cellulose nanofibers (CNFs) have been receiving 
considerable attention during the past few years due to their excellent structural and 
chemical properties. They offer high modulus (excellent mechanical strength) as well as 
high surface area (Oksman et al., 2016). Such plant-based polymers hardly exert any 
toxicity on cells and are highly biocompatible, but they provide limited support for cell 
adhesion and proliferation. Also, their synthesizing process is quite complex, and it has 
limited suitable options for producing biocomposites due to its hydrophilicity as well as 
the formation of irreversible aggregate when dried (Zhou, Mao and Xu, 2014). 
From this point of view, fabricating scaffolds from a single-phase biomaterial encounter 
various challenges according to the problems described above. There has been extensive 
research on combination of natural and synthetic polymers to enhance the biological 
capacity, as various limitations such as poor biodegradability, biocompatibility or lack of 
mechanical strength faced by each polymer can be overcome by the use of composites. A 
conventional approach is the use of collagen (figure 2-14) incorporated with 
glycosaminoglycan (CG), which has shown potential results for bone tissue regeneration 
and cardiovascular repair (O’Brien, 2011b). The CG scaffold offered high porosity with 
large open pores which promotes cell infiltration and vascularization; however, it faces 
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poor mechanical properties. Hydroxyapatite (HA) is an inorganic ceramic that is used for 
bone tissue regeneration due to excellent mechanical properties and architectural 
properties, but it faces the limitation on supporting biological cues. Therefore, the scientist 
decided to develop biocomposites utilising advantages of two different biopolymers such 
as HA and collagen (CHA) that can retain the positive attributes of both material group, 
which results in adequate mechanical properties as well as supporting the cell infiltration 
and proliferation (Liu, Han and Czernuszka, 2009).  
 
Figure 2-14 Comparative SEM images of (a) collagen-GAG (CG) scaffold (b) hydroxyapatite 
(HA) and (c) composite collagen-HA (CHA) scaffold. The high porosity of the CHA scaffold 
and uniform distribution of HA particles (green dots) can clearly be seen (Yoshikawa et al., 
2009) 
Therefore, this work aims to develop a novel, highly porous 3D biocomposite based 
scaffolds using natural sourced biopolymers (cellulose, gelatine and starch), which can 
improve the mechanical strength, chemical stability, and provide suitable 
microenvironment for cells to attach and proliferate.  
 Cellulose materials used for scaffold preparation 
Cellulose is known as one of the most abundant, robust, biocompatible and biodegradable 
type of natural polymers available. It was first discovered as the main constituent of the 
plant cell wall from marine plants (algae) and bacterial sources with annual global 
production estimated to be around 7.1 million (Aboamera et al., 2018). The repeating unit 
of the polymer is cellobiose, which is combined by two D anhydroglucose units (AGUs) 
in chair conformation linked in an equatorial or β configuration at the C1 and C4 positions 
(figure 2-15). The cellobiose each rotates 180 degrees with respect to its neighbour, which 
results in a sterically stable and linear configuration (Ko, Sfeir and Kumta, 2010).  
Chapter 2: Literature review 
 
52 
 
 
Figure 2-15 structure of cellulose (chemical compounds) (Jonoobi et al., 2015). 
Such biomass material can be synthesized using a biorefinery method to explore the 
valuable chemicals or materials from planta, such as some waste or by-products (knots, 
roots, leaves and even sawdust). For instance, lignans preserved antioxidant and antitumor 
effects that have been isolated from the waste of knots of spruce (Willför et al., 2004), 
pectin offers immunomodulating behaviours that has been sourced from “waste” spruce 
bark (Le Normand et al., 2014), also residual cellulose from sawdust after xylan extraction 
to form nanocellulose (figure 2-16).  
Nanocellulose or cellulose nanofibers (CNF) consist of nanocellulose (composed of 
nanocellulose fibrils of tens of nanometres in diameter and hundreds of nanometres in 
length) as the host-substrate,  that can be mixed with a biological origin components to 
offer a material with developed thermal, mechanical, electrical and biological properties 
than those from a single component (Oksman et al., 2016) 
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Figure 2-16 consecutive extractions of valuable components and production of cellulose 
nanofibres (CNFs) from biomass in a novel biorefinery concept (Liu et al., 2016b). 
Having made from renewable sources, high water uptake capacity, flexibility, porosity 
and excellent mechanical properties due to its structure bounds are the main feature of 
cellulose nanofibrous and it can be an interesting option for scaffold fabrication. (Jiménez-
Saelices et al., 2017b). The CNFs have mainly been fabricated in form of suspensions, 
hydrogel and aerogel, films or tablets for drug delivery use.  
 
2.5 Aerogels as 3D scaffolds in tissue engineering 
2.5.1 Aerogel’s origin 
 Aerogel is an advanced, 3D, robust and highly porous structure with interconnected 
pores. The first aerogel was initially created in 1931 by Kistler by using silica to form a 
foam through supercritical CO2 drying method, which enhanced the retention of the gel 
network in a dry state (Kistler, 1931). It was named aerogel because of having “air + gel”. 
This structure offered interesting properties; however, it wasn’t receiving broad attention 
in research until early 1970s. Thereafter, several researches looked into the use of various 
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polymers to form aerogel structures for development of new composites through different 
drying techniques (Du et al., 2013).  
Mainly, aerogels preparation involves three steps (shown in figure 2-17 and 2-18); 
i) Solution transition: preparation of a colloidal solution through dispersion of 
polymer particles in the precursor,  
ii) Sol-gel transition: Sol particles are cross-linked and forms a hierarchical 
assembly to a wet gel offering a coherent network, 
iii) Gel-aerogel conversion: replacing air into the solvent wet gel by having the 
microstructure intact.  
There are various drying technique reported in literature for preparing aerogels (such as 
ambient drying, surface modified ambient drying, solvent replacement ambient drying, 
freeze-drying, supercritical drying) (Du et al., 2013).  
The aerogels can mainly be fabricated using two techniques; Supercritical drying, and 
Freeze-drying, where they will be discussed further in details in section 2.5.2 and 2.5.3.  
The prepared aerogel’s highly unique porous structure can be altered according to the type 
of the material, preparation method and drying technique, freezing temperature. 
Currently, the two widely used techniques to produce aerogels are freeze-drying and 
supercritical CO2 drying.  
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Figure 2-17 I) schematic synthesizing system of an aerogel by sol–gel technology and critical 
point drying (CPD); II). a) Typical silica aerogel monoliths with different shapes and 
morphology, b) micron-sized silica aerogel, c) TEM micrograph of the typically interlinked 
structure pattern of a silica aerogel (Liu et al., 2016a). 
 
Figure 2-18 Schematic view of preparation of aerogel and the typical variable parameters. 
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2.5.2 Supercritical drying (SCD) 
This method is used to produce aerogels by transforming the liquid in a matrix into gas 
by compensating surface tension and capillary stress (shown in figure 2-8, green arrow). 
This attempt is carried out by putting the gel into an autoclave where the temperature and 
pressure overload the critical points, the liquid in the gel is then replaced with gas by 
keeping the solid delicate intact. The remaining vapours can then be slowly released from 
the autoclave and the autoclave reaches ambient pressure. One of the main drawbacks of 
this technique is the use of carbon dioxide (CO2) as the gas media because of its low 
supercritical temperature. The CO2 replaces the liquid in the solution (usually ethanol) 
through a sealed vessel, then by rising the temperature and pressure, the CO2 changes to 
supercritical state, and finally the vessel releases CO2 by isothermally depressurizing 
(Haubold et al., 2002). In comparison, high temperature supercritical drying technique 
keeps the solvent in the vessel the same as the one in gel.  
Aerogels can be fabricated using inorganic (silica, metal oxide, carbon-based aerogels), 
organic (natural biopolymer composite matrix), and organic-synthetic material sources 
(Aegerter and Prassas, 2012).  
Silicon aerogels have been extensively studied due to their pearl-necklace network (figure 
2-19), low bulk density (0.003-0.005 g/cm3), high inner surface area and low thermal 
conductivity (0.017-0.021W/(mK)) (Randall, Meador and Jana, 2011). A study by Ge et 
al. investigated the effect of silica addition into PCL as a biocomposite to produce 3D 
scaffolds for tissue engineering application. Their study suggested that the addition of 
SiO2 can potentially maintain the pH of microenvironment of the scaffolds (pH 7.2-7.4), 
resulting in naturalization of the acidic degradation product of PCL, restraining growth of 
the cells or tissues (Ge et al., 2013).  
In this work, the applications of aerogels are discussed in scientific experiments and 
engineering design, rather than commercial products.  
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Figure 2-19 SEM image of pore structure of silica/PCL aerogel obtained by supercritical drying 
(Ge et al., 2013). 
2.5.3 Freeze-Drying (FD) 
This is another method to fabricate 3D constructs for tissue engineering application. It is 
also called “lyophilization” where the dry structures bypass the phase boundaries through 
a three phase steps (shown in figure 2-8 red arrow). This technology can prepare porous 
3D scaffolds with porosity higher than 90% and pore diameters ranging between 20-400 
µm. Using this technique to prepare 3D aerogels from natural source biopolymers have 
been receiving more attention during the last decade. FD offers wide application in 
pharmaceutical and food industry, biomaterials engineering, nanotechnology etc. One of 
the other main advantages of this method is that it is applicable, sensitive or valuable 
materials (nanoparticle size) won’t be decomposed during evaporation, as only the solvent 
transforms directly from ice to vapour through sublamination process at low temperature 
and pressure. 
A typical freeze-drying machine generally consists of a refrigerator, vacuum system, 
control system, product chamber and a condenser. It usually follow four steps (shown in 
figure 2-20) in order to prepare the freeze-dried sample; formulation, freezing, primary 
drying and secondary drying (Morais et al., 2016). During the first step, a precursor that 
is treated (either through functionalization, mixing or other methods) needs to be ready. 
Normally, the precursor is treated by mixing, functionalising by specific agent or other 
techniques, which results in enhancement of precursor stability throughout FD process.  
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This is then followed by loading the precursor into a special mould and freezing by either 
liquid nitrogen or at a lower freezing temperature. The main fact to consider here is to 
freeze the sample below the triple point of the solvent. This is the lowest temperature 
needed to transfer from solid to liquid and gas phases in the solvent, which can 
simultaneously occur to help sublimation rather than melting during the drying steps 
(figure 2-20 and 21). It is worth mentioning that larger ice crystals can sublimate easier. 
In order to obtain more uniform structure for 3D constructs, it could be possible to 
sluggishly freeze or anneal by cycle freezing (bringing the temperature up and down) to 
obtain larger and more uniform sized pores. However, overachieving large ice crystals 
can damage and destroy the structure and create non-uniform walls. Therefore, it is 
suggested to freeze the samples lower than its eutectic point (between 30-80 °C). Some 
amorphous materials lack the eutectic point; therefore, their critical point needs to be 
considered during the freezing process. Essentially, freezing is the most critical step 
during the FD process (Fereshteh, 2017). The third step (primary drying) removes 95% 
of the water content from the frozen component by sublimation. This stage is a slow 
process, which may take up to several hours to several days in order to achieve optimal 
structure induced by temperature. During the fourth step, secondary drying, the remaining 
solvent molecules which are unfrozen, would evaporate. Consequently, by raising the 
temperature further than 0 °C, the desorption of the solvent molecules on the surface of 
the frozen is induced and the pressure drops lower than previous step. Upon completion 
of the FD process, the vacuum will be broken using a inert gas (figure 2-21).   
In order to prepare aerogels through FD, an aqueous precursor is required to form a 
“hydrogel” initially. Then by freezing the hydrogel at around -30 °C or below (depending 
on the size of the ice crystals required) ice crystals are formed. They will then go under 
sublimed vacuum to obtain porous structure.  By creating the freezing stage on hydrogels, 
the ice crystals nucleate and grow, overcoming the impurities to the interstitial regions 
through ice crystals (shown in figure 2-22).  
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Figure 2-20 schematic diagram of H2O, the critical point is around Tc=373.95 °C, pc=217.5 atm, 
and ρc= 345 kg/m3 (Fereshteh, 2017). 
 
Figure 2-21 four steps of typical FD procedure in terms of their pressure and temperature 
(Morais et al., 2016). 
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Figure 2-22 the growth of the ice crystals in polymeric precursor (Deville, Saiz and Tomsia, 2007). 
The FD technique can be classified as a subcategory of various methods involved 
thermally induced phase separations (TIPS). Nevertheless, this technology offers the 
ability to tune and manage the porosity and shape of the 3D scaffolds (Borisova et al., 
2015). Also, the other main advantage of this technique over SCD and other drying 
methods is its sustainability and environmentally friendly for scaffold (aerogel) 
production. For instance, the freezing temperature and direction (unidirectional freezing) 
can alter the sizes of the pores, produce honeycomb or lamellar morphologies. By using 
unidirectional freezing technique, the suspension (gel) is aligned with the freezing 
direction since the gel is in contact with the freezing medium directly, and the ice crystals 
grows perpendicular to the freezing medium. Supercritical drying CO2 does not offer this 
control for pore structure modifications (Maleki, Durães and Portugal, 2014).  
Therefore, FD can be utilized as an excellent option to produce highly porous 3D structure 
for scaffold fabrication. PLA and poly(DL-lactic-co-glycolic acid) are a type of synthetic 
biomaterials that are used to create aerogels for tissue engineering applications (Chen, 
Ushida and Tateishi, 2001). Another study by Kang et al obtained FD sponge using 
gelatine by preparing gelatine-water precursor for wound dressing application. They had 
significant limitation in terms of mechanical properties (Hollister, 2006). To improve such 
challenges, Baldino et al investigated the effect of addition of chitosan into gelatine 
solution to obtain more compact nanostructured aerogel. Their study suggested 
improvement on the Young’s Modulus of chitosan- gelatine hybrid aerogel which could 
potentially make them suitable for tissue engineering applications (Baldino, Cardea and 
Reverchon, 2015). Also, Hsieh et al combined γ-poly (glutamic acid) with chitosan and 
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obtained aerogels with enhanced hydrophilicity, cytocompatibility and mechanical 
strength compared to chitosan aerogel.   
Aerogels made from polysaccharides are also a common type for scaffold fabrication. 
Amongst them, cellulose nanofibers (CNFs) are greatly utilized for aerogel preparation 
because of their excellent mechanical properties. Such materials can be obtained from 
wood or agricultural crops and by-products through mechanical or chemical enzymatic 
treatment.  
2.5.4 3D Cellulose nanofibrous based aerogels  
There have been extensive researches towards the production and utilisation of 
nanocellulose in recent decades. Cellulose is a sustainable, eco-friendly and green 
material found in nature as nano-scaled microfibril which is arranged by larger fibril 
aggregates and fibre structure. The stiffness of these fibrils is extraordinary which makes 
them an interesting biopolymer for medical research. They are also non-toxic with high 
water content when in form of hydrogel. Cellulose’s surface is hydrophilic with numerous 
hydroxyl group which makes them ideal for tuning the chemical modifications. They are 
mainly formed as cellulose nanocrystals (CNC), cellulose nanofibrills (CNF or NFC), and 
bacterial cellulose (BC), which has shown great potential in numerous areas, such as 
papermaking, oil drilling (biorefinery), medicine and pharmaceutical application, and by 
combination with other polymers, its properties can be altered an tuned (Gandini et al., 
2016).  
There have been efforts made to mimic a 3D in-vitro model of various tissues to study the 
biology of metabolic diseases such as diabetes and obesity. For instance, a study by 
Krontiras et al fabricated a freeze-dried 3D cross-linked homogenized bacterial 
nanocellulose scaffold to obtain a porous structure. They cultured mesenchymal stem cells 
of the line C3H10T1/ 2 from mice embryos incubated in adipogenic medium. Their study 
reported more cells with improved adipogenic cell differentiation compared to 2D 
scaffolds, as well as the potential for reconstructive surgery after trauma or congenital 
defects (Krontiras, Gatenholm and Hagg, 2015).  
Nanocellulose in general term is an isolated cellulosic material possessing nanometre 
range dimension and it is comprising the following types:  
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o Cellulose nanocrystals (CNC): 
This type of cellulose is mainly produced by acid hydrolysis from cellulose fibres, where 
amorphous parts of the raw materials are being removed. They possess desirable modulus 
of elasticity (150GPa), and low thermal expansion coefficient (~10-7 K-1), due to their 
rigid rod-like nanocrystal (dimensions of 4-24nm Ø, and hundreds of nanometer in length) 
structure (Nishino, Matsuda and Hirao, 2004). There have been several researches 
towards the cytotoxicity of CNC using different cell types and no toxic effect reported 
(Moreira et al., 2009; DONG et al., 2012). They have gained interest for security paper 
and packaging materials (Laurienzo, 2010). 
o Bacterial nano-cellulose (BNC) 
These nanocellulose are fabricated by cultivation of different bacterial strains 
(acetobacterxylinum) in culture media, where cellulose is synthesised from bacterial in 
from an outer and cytoplasmic membrane (Vandamme et al., 1998). Bacterial cellulose 
has fascinating properties, such as high crystallinity (>85%), high degree of 
polymerisation (~ 10,000) and excellent mechanical properties (Young’s Modulus of 
15GPa), as well as offering high water uptake and nano-structured dimensions (4nm) 
(Kamel, 2007). These type of cellulose are greatly favourable in food industry as a dietary 
fibre, biomedical engineering as skin substitutes and artificial blood vessels (Klemm et 
al., 2011).  
A study by Torgbo stated that BNC is an attractive option for bone tissue implants due to 
its excellent mechanical properties, stiffness and biocompatibility. They’ve observed that 
the degradation of BNC is not rapid upon implantation which makes them not an ideal 
option for osseointegration (Torgbo and Sukyai, 2018). Despite the ideal characteristics 
of BNC for bone tissue regeneration, it has limited degradability behaviour which needs 
to be altered through chemical, enzymatic and genetic engineering methods to make it 
more suitable for various tissue engineering applications.  
o Cellulose nanofibres (CNF) 
The CNF is mainly prepared by applying high shear forces through defibrillation of 
cellulose fibres. This type of cellulose can be produced in different routes with various 
surface chemistries. For instance, TEMPO (2,2,6,6-tetramethylpiperidine-1-oxyl radical) 
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mediated oxidation introduces functional groups by providing aldehyde and carboxylic 
acid groups in the C6 position , mild carboxymethylation gives carboxymethyl groups and 
periodate oxidation introducing aldehyde groups in position C2 and C3 of cellulose 
(Sirvio et al., 2011; Laskowski, Milow and Ratke, 2015). A study by Vartiainen et al. 
(2011) assessed the viability an cytokine behaviour of mechanically derived CNF 
suspension with different concentration, where they observed no cytotoxic effects in 6 
and 24 hours of cell exposure (Vartiainen et al., 2011). There is another study 
investigating on cytotoxicity of TEMPO mediate oxidation CNF and unmodified CNF, 
where no toxicity was observed on cell membrane, cell mitochondrial activity and DNA 
proliferation. The study was further investigated by crosslinking the samples using 
polyethyleneimine where significant reduction in cell viability was reported 
(Alexandrescu et al., 2013). The fibroblasts cells were shown in contact with freeze-dried 
CNF in figure 2-23 below.   
 
Figure 2-23 Fibroblast cells in direct contact with lyophilized CNF. The * distinguishes a 
border area where the cells attach to the medium. White arrows indicate the air bubbles which 
confirms cell activity. With permission from  (Alexandrescu et al., 2013). 
The other characteristic that makes CNF an ideal biopolymer for scaffold fabrication is 
their excellent mechanical properties. They offer adequate stiffness which can 
significantly influence cell responses since cells can sense stiffness whether on aerogel or 
single fibril (Baker et al., 2015).  
Collagen microfibrils are composed of five tropocollagen triple helices that makes 
collagen fibrils. The fibrils’ aggregate has diameter between 10-500 nm. A study by Yang 
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et al (2007) showed that Young’s modulus of bovine Achilles tendon (collagen type I) 
having diameter of 200-350nm and length 20-200µm, have 5 GPa for natural collagen 
and 15 GPa when it is crosslinked (Yang et al., 2007). Other literature reported similar 
values for Young’s Modulus of collagen, 0.2-7.5 GPa (Guthold et al., 2007). The values 
reported for CNF’s Young’s modulus are somewhat higher. The TEMPO CNF extracted 
from wood pulp was reported to be around 2-3 GPa tested on compression corresponding 
to Young’s Modulus of 30-40 GPa (Saito et al., 2013).  
A study by Prakobna et al. assessed the differences between 3D foams and 2D 
honeycombs, where 2D honeycombs offered superior mechanical properties when tested 
in longitudinal direction (figure 2-24). The 3D foams had more isotropic shape exhibiting 
lower longitudinal, but higher transverse Young’s modulus compared to that tested on 
honeycombs, respectively. The following equation describes the compression behaviour 
of nanocellulose foams and aerogels,(𝐸	𝛼	(!∗!")"), where E is the elastic modulus, n is the 
scaling exponent and !∗!" is the relative density. The honeycomb and open cell structure 
have n=1 and n=2, respectively, but TEMPO-CNF offers much higher exponents, which 
suggested microstructures obtained by this biomaterial have deformation similar to open-
cell foams (Prakobna et al., 2016).  
The elasticity of the biomaterials used in scaffolds is of great importance as the cells pull 
and push against their surrounding matrix. They tend to fell the resistance to deformation 
of their adjacent environment, and in response, their biochemical activity is actuated 
(Discher, Janmey and Wang, 2005; Reilly and Engler, 2010). In a study by Egnlar et al 
(2006) matrix elasticity of polyacrylamide aerogels were shown to be influenced once the 
stem cells developed into differentiated cell types. The mesenchymal stem cells 
demonstrated specified lineage towards neurons, myoblasts and osteoblasts and it was 
altered depending on the elastic modulus of the polyacrylamide aerogels (Engler et al., 
2006). These results indicate the importance of controlling the modulus of elasticity for 
scaffolds preparation on tissue engineering applications. In terms of natural tissues, the 
elasticity significantly varies throughout the body; the soft tissue like brain requires 
elasticity of E @ 0.2 – 1.0 kPa, medium soft muscle tissue (skin) E @ 10kPa, and stiff 
osteoid or organic portion of the bone matrix E @ 30-45 kPa (Guvendiren and Burdick, 
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2012). Controlling and tuning the stiffness of CNF scaffolds within the ranges mentioned 
above is thus a goal.   
 
Figure 2-24 (left) hexagonal cells of a honeycomb structure and plane directions (right) 
honeycomb’s structures relative density increasing during the compression in the X3 direction 
with three stages of compressive deformation (Lavoine and Bergström, 2017). 
CNF in nature can create physical gels depending on the charge density, fibrillation degree 
and fibril length if the solid content is low (@ 0.5 wt. %). The fibril entanglement, ionic 
interactions and hydrogen bonds can hold such fibril dispersions. The elasticity of the gels 
can be improved by increasing the solid content in the composition. There are studies that 
demonstrated a power-law relation that the storage modulus follows considering the solid 
content of the CNF dispersions. The values were 2.4, 2.6 and 3 for carboxymethylated 
CNF, mechanically produced CNF and enzymatic pre-treated CNF, respectively (Agoda-
Tandjawa et al., 2010; Naderi, Lindström and Sundström, 2014). If there is no covalent 
bonding between the fibrils of the gels, then it is considered to be weak and it can easily 
be destroyed once their chemical characteristics is altered or they are subjected to a 
mechanical force. Such stability can be increased by covalent cross-linking, where another 
biopolymer is combined in the matrix to form permanent biocomposite gels.  
2.5.5 Modified biocomposite CNF based aerogels 
To obtain a more robust multidimensional (i.e. 3D) scaffold, the fibrils can be 
strengthened by various techniques, such as adding another biopolymer into the 
composition, and cross-linking using chemical crosslinkers into the matrixes. In a study 
by Nge et al (2010), BNC was crosslinked with chitosan using carbodiimide-mediated 
amide binding to obtain porous scaffold (Nge et al., 2010). Also, using TEMPO mediate 
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oxidation CNF forms a significant number of aldehyde group and carboxylic acids which 
aids the cross-linking to obtain a more permanent gel structure compared to neat BNC. 
Another example is a study by Syverud et al (2011) crosslinked the aldehyde groups on 
fibrils with two other synthetic polymers; polyethyleneimine (PEI) and poly N-
isopropylacrylamide-coallylamine-co-methylenebisacrylamide (pNIPA) using a cry-
gelation technique (figure 2-25) (Syverud et al., 2011). Naseri et al (2016) also studied 
the effect of combining chitosan as a natural biopolymer with CNF to produce freeze-
dried porous 3D nanocomposite scaffolds for cartilage tissue regeneration. Their 
observation suggests that by increasing the chitosan concentration the mechanical 
properties was decreased, however, a minimum concentration of matrix phase was found 
to be necessary to bind the fibres together and ensure stability of the scaffold and promote 
cell interaction with the microenvironment (Naseri et al., 2016).  
As discussed, more aldehyde groups are found in TEMPO-CNF production through cross-
linking agent using diamines (Liu et al., 2018). Diamines mainly are used as cross-linker 
in biomedical research and can be processed with different length of their carbon chains 
which can further affect the functional amino groups. Epichlorohydrin (EPH) is used in 
medical research to cross-link biopolymers, where it can alter the length of the molecules 
depending on the concentration used. It is suggested EPH can control and improve the 
elastic modulus of CNF based hydrogels used as scaffolds (Naseri et al., 2016).  
 
Figure 2-25 SEM observation of bicomposite gels obtained by CNF (A) PEI, and (B) pNIPA 
particles (Syverud et al., 2011). 
 
Another interesting group of natural based materials used in biocomposite scaffold 
development is polysaccharides (starch) and gelatine. There have been recent studies to 
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evaluate the effect of polysaccharides and gelatine reinforced with cellulose nanofibers 
for wound healing and drug delivery applications (Pei et al., 2015). Reinforced gelatine 
and starch 3D constructs can potentially swell a large amount of water (typically up to 
100 times its dry mass), and provide a suitable in-vitro culture platform to investigate 
further the behaviour of ECM environment for tissue regeneration (Afewerki et al., 2019). 
Typically, starch and polysaccharides family improve the stability of scaffold’s structure 
and gelatine enhances the cell behaviour and biological properties of the structure.  
The other factor that influences the stiffness of the CNF aerogels matrix is the charge 
density of the fibrils hence their efficacy as potential scaffolds. The TEMPO based CNF 
aerogel usually have two different charge densities 1.14 ± 0.07mmol/g (considered low 
charge), and 1.71 ± 0.04 mmol/g (considered high charge) (Syverud, 2017) and their effect 
on cell proliferation have been studied. Liu et al investigated the effect of xylan (XYL), 
xyloglucan (XG) and galactoglucomannan (GGM) on CNF gels by mixing the CNF with 
hemicellulose with predefined rations. Various hydrogels were produced, half of which 
were high charged (Liu et al., 2016a). The results indicated almost no growth in the high 
charged cells. Another indication could be the low Young’s modulus (10-50kPa) that 
resulted in limited cell proliferation.  
The development of biocomposite for scaffold fabrication has been studied extensively, 
however the main remaining challenge is obtaining optimal matrices with adequate 
mechanical properties and act as cell carriers for tissue regrowth and regeneration. One 
example is the use of starch based biocomposites. CNF offer specific characteristics (high 
surface area and modulus) that are suitable to be used as reference matrix for the 
biocomposites. There are however only limited natural polymers that are suitable for 
producing biocomposites due to the restriction hydrophilicity of the CNFs, as well as the 
irreversible aggregates that are formed once dried (Vartiainen et al., 2011). Also, 
obtaining a uniform dispersion of the CNF fibrils is a hurdle because of the high surface 
energy and the appearance of hydroxyl groups on the surface of the CNF. The starch can 
be plasticized with glycerol, water, and sorbitol used for scaffold template. However, 
there are significant disadvantageous such as poor mechanical properties and high-water 
sensibility (Teixeira et al., 2009). The starch matrixes can however be reinforced to 
overcome the drawbacks by the use of cellulosic nanofibers.   
Chapter 2: Literature review 
 
68 
 
Application of 3D natural based biopolymer scaffolds (such as CNF) based aerogel for 
tissue regeneration requires further development and tunability to achieve a desirable 
structure that could promote ECM functionality.  
2.5.6 Factors influencing FD aerogel structures and properties 
The cellulosic nanofibres are prepared as nano-scaled fibrils by dispersing in water. Their 
fibril morphology (diameter, length) is dependent on the fabrication technique. 
Additionally, their morphology can be altered, for instance, TEMPO catalysed oxidation 
method produces thinner and more uniform fibrils with charge density above 1mmol/g 
cellulose. The morphology of the native ECM varies from nano to micrometres suggesting 
that variation in fibril morphology is not of a great importance (Lien, Ko and Huang, 
2009).  
The dispersion of the fibrils can be formed in aqueous solution independent of ionic or 
covalent bonds between them. Such formation can be changed into solid and highly 
porous 3D structure by either cryogelation or freeze-drying. Using the cryogelation 
technique, the dispersion is frozen below the freezing point but just above the eutectic 
point forming ice crystals. All the solid particles (fibrils) and solute are transferred into 
the liquid phase forming gelation. Covalent bonds, polymerization or non-covalent 
interaction can occur depending on the concentration of the composition. The freeze-
drying technique requires sublaminating the aqueous solution from the frozen state. This 
will create highly porous structure with CNF lamellar walls. Figure 2-26a and b represent 
the CNF structures formed by cryogelation and freeze-drying. The lamerall surface wall 
created by using the freeze-drying technique offer nano-scalled surface topography due 
to the existence of the nanofibres (figure 2-26 c), and it has been suggested that nano-
scaled roughness can enhance the cell adhesion and proliferation (Eisenbarth et al., 1996).  
Prior obtaining the aerogel structure, the hydrogels are formed. As the name explains, 
hydrogel contain >90% water in its structure with hydrophilic characteristics in its 
network of polymer chains. Hydrogels can sometimes be too weak and vulnerable 
especially if used for musculoskeletal systems. An alternative to improve their stability is 
to increase the solid polymeric content, which in turn more material requires to be 
degraded and less pore sizes will be obtained limiting the regeneration of tissues. 
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Therefore, replacing the liquid through freeze-drying can help developing a biocomposite 
based aerogel for scaffold application that can provide sufficient mechanical strength and 
less material to degrade.  
 
Figure 2-26 SEM images representing porous CNF-N-isopropylacrylamide-co-allylamine-co-
methylenebisacrylamide particles structures obtained by (A) crygelation, and (B) freeze-drying. 
C) represents the nanofibres acquired from the freeze-dried sample (Syverud et al., 2011). 
Parameters influencing freeze-dried 3D scaffolds 
To obtain a desirable property for scaffold through FD technique, the structure must offer 
homogenous distribution of morphology and pores, porosity and component. These 
characteristics mainly depend on two main factors; instrumental and solution factors. 
The first concern is to do with freezing temperature, chamber pressure, and presence of 
mould. The latter involves with concentration of solid content (polymer), viscosity of 
solution, type of solvent and type of polymer.  
The instrumental parameters can be modified before or during the freezing. Moreover, the 
rate of freezing is the most important factor in terms of the instrumental parameters. By 
altering and tuning the instrumental parameters the morphology and size of the ice crystals 
can be changed and controlling the pore size can be attained. Vansanthan et al. observed 
the effect of freezing temperature on the pore size and porosity of PVA-gelatine 3D 
scaffolds, where reducing the temperature from -4 to -20 °C resulted in reduction of pore 
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size (Vasanthan et al., 2015). This study suggests that the annealing process can 
potentially enhance the properties of the scaffold but not as effective as changing the 
temperature. The annealing process can occur during the freezing step wherein the frozen 
formulation is maintained above the ultimate freezing temperature for a specific time (Lim 
et al., 2018). The preferred temperature for this process needs to be maintained between 
melting temperature of ice and the glass transition temperature (Tg).  Moreover, using a 
more rapid, higher rate of immersion through liquid nitrogen, a denser structure could be 
expected. This is more valid when a higher immersion rate leads to faster freezing of 
composition and results in a heterogeneous structure (Yan et al., 2016).  
In conclusion, depending on the subject tissue that need to be reconstructed, it could be 
possible to form a dense aligned 3D scaffold with small pore size by employing fast 
freezing rate, or design a tube-shaped 3D scaffold with higher porosity using slower 
freezing rate (figure 2-27) (Vasanthan et al., 2015). It is worth mentioning that the vertical 
cross section of the 3D scaffold with tube shape offer different pore orientation compared 
to the horizontal cross-section.    
 
Figure 2-27 schematic view of vertical and horizontal cross-section of samples obtained through fast 
and slow freezing temperature (Fereshteh, 2017). 
In order to obtain a more aligned pores within the scaffolds, researches looked into the 
utilisation of moulds as an influencing factor to produce uniaxial thermal gradient. In 
order to obtain a preferably high thermal gradient, it has been suggested to insulate tube 
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walls in a mechanism so that the heat could travel only through the metal plate, located at 
the bottom of the mould. Figure 2-28 illustrates the isolation system used to fabricate 
aligned porous 3D scaffolds with FD technique.  
The conductivity of the mould is of great importance, since the temperature gradient 
transferred from the plate to the suspension controls the formation of ice crystal from the 
nuclei formed during the primary freezing (Jiménez-Saelices et al., 2017a). The geometry 
and composition of the mould controls the temperature gradient going inside the sample. 
High thermal conductive aluminium has been highly recommended be used, where 
anisotropic growth of ice crystals are obtained resulting formation of lamellae in the 
direction of the temperature gradient (bottom towards the top). This mechanism is usually 
divided into three stages (solution cooling phase, phase separation and frozen solution 
cooling stage). During the first stage, heat conduction is the dominant heat transfer 
mechanism. In the phase separation, the heat transfer via conduction followed by laten 
heat release during phase change take palace. Ultimately, Primary nucleation occurs only 
on regions in contact with the cold source, where release of latent heat caused by 
formation of the first nuclei prevents the nucleation of other nuclei in the other parts of 
the mould (Jiménez-Saelices et al., 2017a). A study by Asuncion et al showed that 
obtaining aerogel with mould made up of aluminium plate is a respectable conductor to 
form structure with aligned ice crystal for silk fibroin-gelatine suspension. They compared 
their aluminium mould with a less conductive plate (PTFE and PMMA), where they had 
1600 times less heat conductivity compared to aluminium (Asuncion, Goh and Toh, 
2016). This is mainly because the ice crystals start forming from the bottom of the mould 
due to the temperature gradient. Due to the rate of ice formation, it is significantly faster 
at the beginning of freezing, and it would decrease after the initial burst, resulting in 
creation of larger ice crystals in the middle of the sample (Liu et al., 2011).  
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Figure 2-28 Schematic illustration of isolation system preferred for fabrication of aligned 3D 
scaffolds (Fereshteh, 2017).  
Another important characteristic that influences scaffold efficiency is the swelling degree, 
where it can affect the solute diffusion, surface properties and mobility (Nichol et al., 
2010).  A study by Bhattacharya et al. reported that the diffusion coefficient rate of 3D 
1.7 wt. % of CNF aerogel was comparable to those of protein existed on native ECM. 
This suggests that CNF based structure offer adequate diffusivity for nutrients of the cells 
in 3D scaffolds (Bhattacharya et al., 2012).  
Another significant criterion required from 3D biocomposite is the adhesion of cells to 
the solid surface. Cells require a certain minimal but critical surface determinant to attach 
and provide signal transduction response that results in cell proliferation. A study by 
Rashed et al recently compared the fibroblast cell proliferation behaviour of TEMPO 
oxidized CNF (TO-CNF) and carboxymethylated CNF (CM-CNF) with respect to their 
surface chemistries. No-toxicity was reported for both matrixes. The 3D cell culture test 
of fibroblasts on CM-CFN showed poor morphology and spreading. On the other hand, 
TO-CNF aerogels showed healthy morphology and fine spreading of the cells. Also, cells 
were seeded on TO-CNF and CM-CNF films where significant decrease of cell 
attachment and proliferation was reported on CM-CNF compared to TO-CNF. It was 
suggested that the difference is due to the surface chemistries of composites (figure 2-29 
below shows the cell difference) (Rashad et al., 2017). 
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Figure 2-29 Fibroblast cells on hydrogels of TO-CNF (left) and CM-CNF (right after seven days. 
Note the healthy morphology of the cells on the TO-CNF hydrogel, also with signs of self-
organization (Mogoşanu and Grumezescu, 2014). The cells in contact with the CM-CNF have 
rounded and clumped morphology. Scale bar = 100 µm. 
 
2.6 In-vitro and In-vivo observation of CNF aerogels  
Developing biomaterials for scaffold fabrication must meet certain requirements. As 
discussed, interaction of cells with the scaffold’s microenvironment is crucial where cells 
behaviour is directly influenced by biophysical and biochemical characteristics of the 
scaffold. One of the main advantages of using CNF is the appearance of the OH groups 
in different chemical modifications, which is shown to promote cell attachment and 
proliferation (Syverud, 2017). The surface wettability is also within the optimum range 
(47 °C for TEMPO oxidized CNF), which has been proven to promote cell adhesion and 
proliferation during in-vitro (Isogai, Saito and Fukuzumi, 2011). 
One of the main challenges of produced engineered scaffolds is minimizing inflammatory 
response of the body. Recently, Smart scaffolds have received attention due to the fact 
that their properties can be tuned to dictate favourable immune response from the body 
towards implanted tissue (Alvarez et al., 2016). Often, nanocellulose is considered with 
no cytotoxicity and immunogenicity. However, several in-vitro studies reported sign of 
potent inflammatory response after multiple secretion of cytokine and chemokine on un-
treated nanocellulose materials at sub-cytotoxic doses (Bhattacharya et al., 2017). Also, 
cellulose nanofibrous made from sawdust were proven to cause inflammation in mice, 
determined by increasing the leukocytes and eosinophils on mice lungs (Kilpeläinen et 
al., 2013). Such CNF materials also induced oxidative stress and tissue damage, 
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ascertained by storing oxidative modified proteins (Yanamala et al., 2014). This result 
was also confirmed in another study by Shvedova et al, where mice were exposed in-vivo 
to respirable untreated sawdust derived CNF resulted in pulmonary inflammation and 
damage, increased collagen level and transformation of growth factor- b(TGF-b) in 
mice’s lung (Shvedova et al., 2016). On the other hand, an aerogel made of TEMPO 
cellulose nanofibril (CNF) cross-linked with polydopamine and tetracycline was active 
against Staphylococcus aureus resulting in enhanced  healing of the skin defect inserted 
on rats sample in-vivo (Liu et al., 2018) 
It is evident that by modulating the CNF’s physiochemical properties (reinforcing and 
crosslinking with specific chemical groups) or addition of another biocompatible 
composition (polysaccharides, proteins etc.) into the matrix the cytotoxicity and 
immunogenicity of the biocomposites can be controlled and tuned. For instance, birch 
wood-pulp sourced CNF treated with TEMPO mediate oxidation exhibited a lower pro-
inflammatory response compared to unmodified CNF using human dermal fibroblast 
(hDFB) during in-vivo. Moreover, obtaining a highly porous scaffold is vital for cell 
infiltration, nutrient supply and biological activity of the cell. It is noteworthy to mention 
that to accelerate cell migration and proliferation, the pores achieved in the scaffolds must 
be larger than the physical size of the cells. It has been mentioned that the physical size 
of fibroblasts, osteoblasts and chondrocytes are 10 µm (Yang, Motte and Kaufman, 2010).  
2.6.1 Cellulose nanofibrous with additives (curcumin nanoparticles) 
In order to improve the functionality of CNF based scaffolds, other biologically active 
molecules such as polysaccharides, proteins, glycosides, cytokines growth factors and 
nanoparticles can be combined with CNF. It was previously reported that adding chitosan 
can improve the mechanical properties and provide antimicrobial properties for wound 
dressing application (Zhang et al., 2016). It was also suggested in the same study that by 
adding medical graded diamond nanoparticles on composite electrospun nanofibrous their 
mechanical properties were further enhanced. The scaffolds that are utilized for wound 
healing applications must prevent microbial infections caused by bacteria. CNF is 
inherently considered as a potential biomaterial for wound dressing application due to its 
excellent physiochemical, mechanical and biological properties; however, it doesn’t 
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possess any antibacterial properties if used on its own. For instance, if CNF based 
scaffolds are used for wound healing applications, offering antimicrobial properties is 
essential. Moreover, skin injuries provide a gateway for pathogenic bacterial that can 
either exist in tissue microbiota or acquired from the environment, which results in tissue 
remodelling impairments. There are several pathogens in skin infections such as bacteria 
genus (Acinetobacter, Enterococcus, Escherichia, Klebsiella, Pseudomonas, 
Staphylococcus, and Streptococcus) (Ribeiro et al., 2020). Therefore, it is essential to 
incorporate various antibacterial agents (such nanoparticles and nature derived 
antibacterial molecules). Silver nano-particles is a metal based agent that can be 
incorporated in CNF since it’s an active agent against pseudomonas aeruginosa, 
Escherichia coli, and staphylococcus (Wu et al., 2014). Another recently experimented 
stimulating antimicrobial compound is curcumin, which is obtained from a natural source 
polyphenolic isolated from Curcuma longa. Since it is a newly arrived compound in tissue 
engineering field, the application of curcumin is limited due to its low water solubility 
resulting in low bioavailability. Moreover, curcumin is almost insoluble in polar solvent 
and it tends to be unstable in alkaline pH (mainly degrades in ferulic acid and vanillin) 
(Schneider et al., 2015). However, curcumin can be entrapped and coated into plant-
derived and chemically modified (TEMPO) CNF and use for wound dressing application. 
It offers excellent antimicrobial, anti-cancer and anti-inflammatory response to the cells, 
making it an interesting nanoparticle additive for skin tissue engineering application. 
Curcumin has been loaded into nano-sized aerogels and were able to deliver drugs into 
cancer cells (Sahu, 2013). Such nanomaterial can be coated into the backbone of the 
aerogel and the resultant scaffold can be utilized as soft tissue fillers after tumour removal.  
The curcumin degradation was experimented by thermal decomposition at temperatures 
of 180 °C and 300 °C. The results obtained by incorporating curcumin into bacterial 
cellulose degraded at 180 °C suggested reduction of growing colonies of staphylococcus 
epidermis. Further in-vitro tests conducted on dermal fibroblasts revealed significant 
cytotoxicity effect of curcumin degraded at 180 °C, whereas curcumin degraded at 300 
°C enhanced and supported cell adhesion, growth and spreading (figure 2-30). 
Chapter 2: Literature review 
 
76 
 
 
Figure 2-30 digital images of human dermal fibroblasts cultured on bacterial cellulose after 
seven days cell seeding in Pristine, incorporated with curcumin (C) curcumin  degraded  at 180 
°C (DC 180 °C), and 300 °C (DC 300 °C). The cells shown were stained with Texas Red C2- 
Maleimide (red fluorescence, cell membrane and cytoplasm) and Hoechst #33258 (blue 
fluorescence, cell nuclei)  (Bacakova et al., 2019b).  
It is important to note that the antimicrobial and cytotoxicity of the curcumin is depending 
on the concentration or its degradation products.  
Figure 2-31 represents the SEM images of curcumin with flat rod shape structure which 
has been loaded on a nanocompsite, starch-based aerogel.  
 
Figure 2-31 SEM images showing structure shape of curcumin (a) pure curcumin, (b) curcumin 
incorporated on nanocomposite (Athira and Jyothi, 2014). 
 
2.7 Summary 
The complexity of tissue engineering lies within the interplay of living cells, scaffolds, 
nutrients and signalling factors. Fabricating a scaffold can aid the cell support and provide 
guidance to form 3-D tissue. Moreover, obtaining an appropriate design for the scaffold 
is of the ultimate priority for success. Utilising CNF provides a cutting-edge property that 
could make them a promising biomaterial for the fabrication of the scaffolds for tissue 
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engineering. Their fibrous characteristic mimics the collagen proteins in the native ECM.  
Due to their highly crystalline fibrils, they offer robustness with tuneable matrix elasticity 
via adjusting the CNF’s solid content. The fibrils can form hydrogel at low solid 
concentration, and due to the high number of OH groups, their surface chemistry can be 
altered and make suitable for various chemical modifications. Although, the degradation 
of cellulose in the human body remains a concern as the body doesn’t have the chemical 
or enzymatic activities suitable for cleaving glycosidic linkage between the monomers. 
To overcome this issue, addition of enzymes or other proteins source-based biomaterials 
to form biocomposite (such as collagen or polysaccharides) can tune and alter the 
enzymatic degradation. Nanocellulose fibrous based 3D scaffolds seem to offer a 
promising potential solution for skin tissue regeneration application as a dressing material 
for a topical, transdermal and systematic approach for different drugs, enabling direct 
inspection of wounds (also can be used as dressing material).  
Tissue engineering is known to be a slowly evolving process since it deals with living 
organs in various levels. There are numerous factors to consider while developing a tissue 
engineering construct, such as the design of the biomaterial’s and its functionality, 
interaction of cells with the biomaterial’s microenvironment, survival of the cells, the 
targeted application (bone, heart, liver, skin etc.), where each requires certain criteria cells 
to mimic the natural human functions. Acquiring knowledge from every step of the 
process is critical as it leads to technology development for obtaining optimum results in 
the end. 
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3.1 Introduction 
This chapter presents the technological development for this study. A green, sustainable 
freeze-drying technique will be introduced as the fabrication technique used to produce 
the highly porous 3-D scaffolds (aerogel). Then the biomaterials utilized to obtain the 
scaffolds will be outlined. Moreover, the various characterization techniques will be 
discussed to assess the tuneability of the produced scaffolds. Finally, details of the in-
vitro and in-vivo experiments conducted on the scaffolds will be introduced.  
 
  3.2 Materials 
3.2.1 Cellulose nanofibrous  
The cellulose nanofibrous used in this work was prepared from a birch sawdust pulp 
(kappa number of 4.7, brightness: 59.9 % ISO) treated by hot water extraction, soda-AQ 
delignification, and four stage elemental chlorine free bleaching (which contains 8.6% 
hemicellulose). Bleached birch Kraft pulp (BKP) containing 19% hemicellulose and 
spruce dissolving pulp with 5.1% of hemicellulose were used to prepare the CNF. Firstly, 
pressurized hot water was used to extract Xylan from the birch sawdust through flow 
extraction, containing sodium acetate buffer at pH 4.0, at a certain temperature (160 °C) 
for 30 min, was purified using ethanol precipitation (9:1 v/v) and washed using (methanol, 
2-propanol, and methyl tert-butyl ether)  (Kilpeläinen et al., 2013).  
The cellulose nanofibrous (CNF 1wt. %) dispersion based on 2, 2, 6, 6-
tetramethylpiperidine-1-oxyl radical (TEMPO-oxidation) of the pre-treated wood pulp 
(EMPA, Switzerland) was used as the reference matrix material. In brief, 100 ml of 
distilled water was used to dissolve 1 gram of fibre before the reaction. It was then 
followed by adding TEMPO and sodium bromide into the suspension (pH was adjusted 
to 10.0 by addition of NaOH). The NaClO was then added to initiate the oxidation to the 
slurry. Ethanol was added to the oxidized fibres to precipitate with ratio of 1:4 (v/v), and 
Chapter 3: Materials and Methods 
 
79 
 
it was washed with distilled water following by centrifugation (Liu et al., 2014). The CNF 
suspension was stored at 4.0 ⁰C before further experiments and analysis.  
3.2.2 Protein and polysaccharide polymers (gelatine and starch) 
To obtain an optimum tuneable scaffold for tissue engineering application, the CNF based 
suspensions were combined with other biologically active biopolymers (starch and 
gelatine). The Type a gelatine from porcine skin (300 Bloom) was used as a natural 
protein source-based polymer. Purified potato starch, epichlorohydrin (EPH), and 
phosphate buffered saline (PBS) were supplied from Sigma Aldrich, UK.  
 
3.3 Porous 3-D scaffold fabrication 
Prior to obtaining the scaffolds (aerogels), the CNF hydrogels were initially formed, made 
of coarser fibrils that offer larger pore sizes compared to those with fine fibrils. The 
precursor was then placed on a magnetic stirrer overnight for continuous mixing. In order 
to obtain an aerogel state, centrifugation was used to remove water from the composition 
for 30 min at a rotating speed of 1500 rpm in order to obtain concentrated CNF gel (1 
wt.%) (Zhou, Mao and Xu, 2014). The CNF biocomposite based hydrogels were then 
poured in an aluminium mould (diameter of Ø=11mm and 12mm height), freezing in 
liquid nitrogen for 30 min. The frozen biocomposite was then freeze dried using a 
lyophilizer (FD-10 series, by LABFREEZ INSTRUMENTS GROUP CO., Beijing, 
China) at -50 ⁰C with 0.001 mbar pressure for 72 hr. The produced highly porous 3D 
structured aerogels were used for further analysis.  
 
3. 4 Characterisation of the 3D scaffolds 
3.4.1 Morphology observation of 3D scaffolds 
Scanning electron microscope was used to examine the microstructure of the scaffolds 
(FE-SEM, JSM 6701, UK). In order to preserve the samples’ structure, they were 
cryogenically fractured and used for analysis of microstructure of scaffolds using SEM. 
The samples were sputter coated with a thin layer of gold (Agar sputter coater, Agar 
Scientific, UK) for 30 s at 20 mA to discharge electrons for SEM analysis. The pore size 
diameters were measured directly using SEM image utilities. 
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3.4.2 Porosity and pore size measurement  
The scaffolds porosity and pore size was investigated using the liquid displacement 
method, where the displacement of fluid on a graduated scale is monitored on the sample 
(Jovic et al., 2019).  In this technique, a displacement liquid of different solvents for the 
composites (for example ethanol) was used. The liquid must be able to penetrate into the 
pores by compromising size shrinkage or swelling of the material. The initial weight (W0) 
and volume (V0) of each sample were measured first. The scaffolds were placed in a 
cylinder container having a known volume of the displacement liquid. The cylinder must 
have a series of evacuation–repressurization cycles to force the liquid into the pores 
(figure 3-1). The scaffolds were immersed in absolute ethanol until saturated. The density 
of the samples was also measured by dividing the weight by their volume. The weight of 
the samples was recorded again as W1, and the porosity was calculated from equation 1 
below, 
 
Figure 3-1 3 step schematic view of liquid displacement process (Loh and Choong, 2013b). 
The following equation is used to calculate the porosity of the scaffolds. W0 is the weight 
of the sample after it being immersed into absolute ethanol.  𝑑𝑒𝑒𝑔𝑟𝑒	𝑜𝑓	𝑝𝑜𝑟𝑜𝑠𝑖𝑡𝑦	(%) = ##$#$!	%$ 	× 100	    Equation 1 
Where W1 is the initial weight of the sample at dry state, W0 is weight of the sample after 
immersing in ethanol, 𝜌	is the density of the sample and 𝑉' is the volume.  
3.4.3 Swelling behaviour of the scaffolds 
The water uptake degree of the scaffolds in swelling media was measured to form 
hydrogels and it was monitored by measuring the water uptake level using a gravimetric 
method. The scaffolds were immersed into the swelling media at a certain pH and soaked 
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at a predetermined temperature. Each sample was initially dried overnight in a vacuum 
oven at 80 ⁰C and weighted (Wi) immediately after, then immersed in PBS. The weight 
of the samples (Wt) was monitored at various time intervals (t= 24, 48 and 72 hr later).  
There were three tests carried out for each sample. The samples were then removed for 
moisture uptake measurement, which was calculated as follow:  𝑤𝑎𝑡𝑒𝑟	𝑢𝑝𝑡𝑎𝑘𝑒	(%) = #&$#'#' 	× 100	     Equation 2 
Where, W( is the weight of the aerogel being swollen, and W) is the dry weight of the 
aerogel. 
3.4.4 Biodegradation assay of scaffolds 
The scaffold’s ability to degrade in-vitro was investigated using lysozyme test (purchased 
from Sigma Aldrich, USA). To be able to mimic the in-vivo condition for the 
biodegradation test, lysozyme was used in a similar concentration to that of circulatory 
level in human body. The dry weight of the samples was first measured. Then they were 
immersed in 0.2 M Phosphate Buffer Saline (PBS) with pH 7.4 containing 100 mg/l of 
lysozyme and then was incubated at 37 ⁰C. The degradation rate of the scaffolds was then 
observed after removing the samples at 2, 5, 9, 14, 20, 27, 35, 44, and 54 days and the 
weight losses due to degradation were recorded. The weight loss was calculated from the 
equation below:  𝑊𝑒𝑖𝑔ℎ𝑡	𝑙𝑜𝑠𝑠	(%) = #&$#()'*(#()'*( 	× 100     Equation 3 
For data analysis, 4 independent experiments were conducted, and mean value was taken.  
3.4.5 Mechanical compression test 
To assess the mechanical properties of the scaffolds, compression test was performed 
using TA Instrument Dynamic Mechanical Analyser (Q800, UK). A preliminary test was 
run with a preload of 0.05 N before the test. The compression test was carried out until 
70% reduction in specimens’ height was observed. A digital calliper (RS PRO, UK) was 
used to measure the initial dimension of the aerogels. The yield stress was also recorded 
Chapter 3: Materials and Methods 
 
82 
 
from the stress at the intersection between the tangent line of the elastic region and the 
stress plateau segment.  
3.4.6 Fourier transform infrared spectroscopy (FTIR) analysis 
FTIR spectral analysis was used to identify chemical bonds between the polymeric 
materials and determine the chemical components and composition. The FTIR spectra of 
all the samples were recorded separately using FTIR spectrometer (Thermofischer 
Scientific, Nicolet 670, UK) in the attenuated total reflectance (ATR) module in the range 
of 400-4500 cm-1 with 5 cm-1 resolution, and accumulation of 32 scans.  The spectrum of 
each sample was recorded using single reflection diamond ATR accessory. Each 
biocomposite sample was pressed against the diamond crystal attached to the 
spectrometer equipped with DTGS detector.  
3.4.7 Thermogravimetric analysis (TGA) 
TGA was performed to determine the thermal stability of scaffolds as a factor of weight 
loss in relation to temperature with a TA-instrument (SDQ-Q600). The specimen was 
placed in an oven for 1 hr prior to the test for complete dehydration. They were then heated 
from ambient temperature up to 900 ⁰C at a rate of 20 ⁰C/min under a nitrogen atmosphere 
(nitrogen flow rate was 100 ml/min).  
 
3.5 Cell culturing, viability and morphology assays  
3.5.1 In-vitro cell culture 
Human dermal fibroblasts (HDFB) were isolated from adult human skin. 1 ml of frozen 
dermal fibroblast cells from skin was thawed and mixed with expansion media in 1:1 ratio 
and plated on the culture flasks. They were incubated at 37 ᵒC for 24 hr to remove the 
non-adherent cells, followed by adding fresh basal medium. HDFBs were cultured and 
expanded in a non-differentiating growth medium, which consisted of L-glutamine (7.5 
mM), Hydrocortisone Hemisuccinate (1 µg/mL), HLL Supplement, Ascorbic acid (50 
µg/mL) supplemented with 10% foetal bovine serum (FBS) (0.03 M, HyClone, Thermo 
scientific, USA), 2 mM of L-glutamine (ATCC, UK), 0.5 mL of penicillin and 0.5 mL of 
Gentamicin was added as antimicrobial (ATCC, UK). The cells were then grown in an 
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incubator (in 5% CO2 atmosphere at 37 ᵒC) and renewed every three days. Prior 
confluence, cells were detached by using trypsin-EDTA (ATCC, UK) and passaged 1:3 
into fresh culture flasks. For subculturing, passage normal HDFB cells once reaching 80-
100 % c confluence and are actively proliferating (ATCC® PCS-999-003). The trypsin 
was warmed to room temperature, added to the media and washed by rinsing the cell layer 
two times with 3 to 5 mL of PBS per 25 cm2 of surface area to remove the residuals. The 
dissociated cells were trasnfered to a sterile centrifuge tube and were centrifuged for 
minutes at 150 X g.  
Due to the shortage of HDFB cells for this study, another similar cell type from the 
fibroblast family (human gingival fibroblast) was cultured and used. They were sourced 
from ATCC, UK and can be used as alternative to mesenchymal stem cells. They were 
cryopreserved human oral fibroblasts derived from adult gingival tissue, and after 
isolation they were cultured for two passages (ATCC, UK). The culturing and 
subculturing procedure was conducted same as HDFB cells (ATCC, 2020).  
3.5.2 Cytotoxicity assay (MTT) 
The cytotoxicity and biocompatibility behaviour of the fabricated scaffolds were assessed 
by 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide (MTT) assay (Chopra 
et al., 2016; Mirab, Eslamian and Bagheri, 2018). For this test, the procedure from the 
ISO10993-5 standard test was adopted for our experiments. The prepared scaffolds were 
autoclaved, and 0.2 g of them was incubated in 1 ml of culture medium at 37 °C for 2, 5, 
and 10 days. To have comprehensive analysis, the culture medium was also preserved in 
similar conditions to serve as negative control. The human dermal fibroblasts (HDF) cell 
line (cultured as explained in section 3.4.1) was used and cultured in Queen’s Campus, 
University of Bolton, with 10% (v/v) foetal bovine serum (FBS-Serum, Germany), 100 
U.ml-1 penicillin, and 100 μg.ml-1 streptomycin; followed by incubation at 37 ℃ in a 
humidified condition containing 5% CO2.  
To observe the HDF and HGF cell viability, the cells were cultured into a 24-well plate 
with population density of 1 x 104 cell per well, followed by incubation in the culture 
medium for 24 hr. The culture medium was then removed from the wells, and 90 µl of the 
scaffold’s extract from the main concentration with 10 µl of PBS was added to each well. 
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This medium was kept for 24 hr and again was discarded and replaced with 100 µl of 0.5 
mg/ml MTT solution, followed by incubation of the cells at 37 °C for 4 hr. In order to 
solubilize the formazan crystals, 1.5 mL of IPA (Sigma, USA) was added to each well, 
and was jogged homogenously on a rocker overnight. Finally, the formazan solution’s 
optical density was then measured using a multiwall microplate reader (Bioteck, UK) at 
570 nm, and the results were normalised with the negative control samples.  
3.5.3 In-vivo biocompatibility  
For this part of the study, 3 male Sprague-Dawley rats (aged between 8-10 weeks) were 
chosen and weighted between 220–250 g living in the same conditions (Zarei et al., 2019). 
Sprague-Dawley rats are preferred for this experiment due to their calmness and ease of 
handling (McNay, 2013). Ethical considerations of animal experiments were conducted 
with respect to Animal Care Use Committee of Shiraz University of Medical Science, 
Shiraz, Iran. They were kept in laboratory for one week before experiment at room 
temperature, humidity of 55% ± 5. 
To observe the in-vivo cytocompatibility of the scaffolds, firstly the animals were 
anesthetized by Nembutal injection (20 mg / kg) through their abdomen for surgery and 
creation of wound. The abdominal hairs were removed, and ethanol solution was used for 
disinfection. The rats were then subjected for implantation of scaffolds in their dorsal 
section to analyse the interaction of surrounding host tissues with scaffolds for 1, 4 and 8 
weeks. Furthermore, 21 samples were prepared for all the 7 groups with dimensions of 
Ø=10 mm and thickness of 5 mm and sterilized under hydrogen peroxide plasma 
sterilization under low temperature. The scaffolds were then implemented by creating a 
15 mm incision in the dorsal area of each rat using a sterile surgical scissor. The scaffolds 
were then sutured under the skin using nylon 3/0 (Ethicon, Johnson and Johnson, USA). 
Subsequently, the rats were maintained under standard condition for 8 weeks. During each 
time interval (week 1, 4 and 8), the rats were euthanized, and the samples were harvested 
and fixed in formalin (10%) for further histological studies. Moreover, thick skin layer (5 
µm sections) were used and stained by hematoxylin0eosin (H&E), and for visual 
observation pictures were taken using Olympus microscope (model BX53F, Japan). The 
inflammation, cell infiltration, foreign body giant cell reaction was evaluated through a 
pathologist. Also, a scoring system was used during each time interval to determine the 
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level of inflammation and foreign body giant cell reactions. They were designated as 
moderate to severe, mild to moderate and mild. 
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Chapter 4: Freeze-dried porous 3D CNF-starch biocomposite 
aerogels as scaffolds 
 
 
 
4.1 Introduction 
The development of porous 3D scaffolds that can support cell activities has been an 
emerging challenge recently. Ideal scaffolds for tissue regeneration must possess high 
porosity and appropriate pore sizes, adequate surface roughness and mechanical 
properties, biocompatibility and biodegradability both in-vitro and in-vivo. It is believed 
that aerogels with the porosity of more than 90% with interconnected pores and pore size 
between 10 to 300 mm are suitable for both skin and bone tissue regeneration (Stratton et 
al., 2016; Unnithan et al., 2012). Aerogels with highly porous and aligned structures can 
enhance cell proliferation and provide channels for nutrient support through capillary 
effect. The process of using unidirectional cryogenic freezing, followed by freeze drying 
to remove ice crystals enables to obtain hydrogel and aerogel with controllable porosity 
and interconnected porous structure. (Nieto-Suárez et al., 2016; X. Wu et al., 2010). The 
rough surfaces of aligned channels of pores that are formed by the dendritic growth of ice 
crystals during the cryogenic freezing can encourage cell adhesion, growth and 
proliferation (Chopra et al., 2016).  
The aerogels prepared via cryogelation through freeze drying  have recently been 
intensively studied, using polysaccharides as the natural biopolymer, and they have 
attracted much attention for practical applications owing to their excellent 
biocompatibility, biodegradability, hydrophilicity, high stability and low cost (Borisova 
et al., 2015). Starch is a type of polysaccharides (natural biopolymer), consists of amylose 
(30%) and amylopectin (70%), and is used to develop biocomposite precursors. It has 
been suggested that starch with higher amylose concentration offer more crystallinity and 
firmness (Jovic et al., 2019). Starch is renewable, biodegradable, biocompatible and 
available abundantly at low cost (Alissandratos and Halling, 2012). This type of 
polysaccharide becomes an attractive option for porous 3D scaffolds over mainstream 
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synthetic polymers since it can be easily extracted from biomass (environmentally 
friendly) and renewable resources (plants) with water solubility characteristics, 
biodegradability and biocompatibility. It offers various advantages for scaffold 
fabrication, as well as it is a carbohydrate family, which can provide nutrients to the cells; 
however, it possesses some limitations such as poor mechanical strength, high-water 
sensibility and fast enzymatic degradation due to existence of amylose and amylopectin 
as starch’s core compounds. These limitations have led to intensive exploration for 
developing its biocomposites which can potentially overcome the aforementioned 
shortages, by using other biopolymers as suspension or fillers such as the reinforcing 
agents (whiskers, clays) and rigid nanofibers (Petersson, Kvien and Oksman, 2007; 
Hietala, Mathew and Oksman, 2013; Mirab, Eslamian and Bagheri, 2018). Previously, 
starch was combined with gelatine to form biocomposite to assess the adhesion and 
proliferation of adipose stem cells. The developed biocomposites showed chemical 
structure similar to the native ECM, suitable to be a good candidate for the fabrication of 
scaffolds. However, it was observed that at high concentration of starch the cells detached 
from the scaffolds, while at high concentration of gelatine (>55wt.%), rapid 
biodegradation occurred with poor mechanical properties (Van Nieuwenhove et al., 
2015).  
Recently, cellulose nanofibres (CNF), another type of naturally occurring polysaccharide, 
derived from green, renewable biomass, have received substantial interests as a nano-
sized reinforcement for biocomposites aerogels (Jonoobi et al., 2015). Due to its high 
crystallinity, modulus and surface area, CNF can enhance physiochemical property and 
enzymatic biodegradability of biocomposites for 3D scaffold preparation. It was reported 
that incorporation of cellulosic material into starch diminished the rapid enzymatic 
biodegradation of starch composites with no sign of toxicity during in-vitro assessment 
and improved the mechanical properties substantially (Nasri-Nasrabadi et al., 2014; 
Mirab, Eslamian and Bagheri, 2018). Mixing these two class of polysaccharides may 
cause phase separation, reducing favourable interaction between their molecules which 
can ultimately result in poor cell viability (Afewerki et al., 2019). Furthermore, CNF’s 
fibril may aggregate due to its high crystallinity, resulting in poor water solubility. Hence, 
chemical modification of CNF by some reagents such as TEMPO catalyst (2,2,6,6-
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tetramethylpiperidine-1-oxyl radical) can help the dispersion of cellulose fibres, resulting 
in enhanced interaction between the biocomposite molecules (Long, Weng and Wang, 
2018).  
Therefore, combination of TEMPO-CNF and starch (CNF-starch) needs to be 
investigated thoroughly. This chapter presents the development of CNF-starch 
biocomposite aerogel scaffolds. The effects of synthesising parameters (varying 
concentration and chemical crosslinking) on biocomposite’s physiochemical (porosity, 
biodegradation, water retention), mechanical and biological properties are investigated 
and analysed in detail, and their suitability as potential porous 3D scaffold for soft tissue 
engineering is assessed.  
 
4.2 Experimental set up 
4.2.1 Materials and methods 
Potato starch was supplied from Fischer scientific, UK. In brief, 1 gram of potato starch 
powder was dissolved in 100 ml of deionized water, by mechanically stirring for 2 hours 
at 90 °C to obtain 1 wt. % starch solution. The CNF utilised for this study was chemically 
synthesized using 2, 2, 6, 6-tetramethylpiperidine-1-oxyl radical (TEMPO-oxidation) 
method, and 1 wt. % suspension was used as the reference matrix concentration. Desired 
amount of the prepared starch solution was then added to the CNF suspension to obtain 
homogenous biocomposite solution of CNF-starch. The prepared solutions were then 
mechanically stirred for 4 hr for complete homogeneity and centrifuged for 30 min at 
1500 rpm. Chemical crosslinking agent (EPH) was also added to improve the mechanical 
and morphological characteristics of the biocomposite.  
The prepared homogenous solutions were then frozen at -40 °C in a fridge overnight, 
where crystal ice was sublimated, and were then freeze dried under 0.001 mbar and -55 
°C as explained in chapter 3, section 3.3.  
The morphological characteristics of the samples (porosity measurements, swelling 
degree) were assessed using the various assessment methods explained in section 3.4.2 
and 3.4.3.  
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4.3 Fabrication of porous CNF-starch scaffold 
To comprehensively investigate the structures and properties of the CNF-starch 
biocomposite based scaffolds, six biocomposites with different composition 
concentrations and ratios were prepared as shown in table 4-1. The fabrication method of 
the scaffolds was prepared as explained in sections 3.3, where starch was blended with 
CNF. Table 4-1 summarizes the different compositions of the biocomposite with and 
without the crosslinking agent (x). 
The samples were subjected to characterization including SEM, mechanical compression 
test, FTIR-ATR, in-vitro biocompatibility, biodegradability and swelling degree, which 
were explained in detail in chapter 3. 
Table 4-1 compositions of the aqueous suspension for preparing CNF-STARCH scaffolds. 
 
Sample code 
 
Bio-composition 
CNF 
(%) 
Starch 
(%) 
Chem. crosslinker 
(EPH) (Phr)* 
Sample 1 CNF 100 100 0 0 
Sample 2 Starch  0 100 - 
Sample 3 CNF90-STARCH10 90 10 - 
Sample 4 CNF70- STARCH 30 70 30 - 
Sample 5 CNF50- STARCH 50 50 50 - 
Sample 6 CNF90- STARCH 10 X 90 10 1 
Sample 7 CNF70- STARCH 30 X 70 30 1 
Sample 8 CNF50- STARCH 50 X 50 50 1 
4.3.2. Instrumental methods 
The microstructure characteristics of the prepared scaffolds were investigated using FE-
SEM, where the cross-longitudinal sections of the scaffolds were cryogenically cut, and 
sputtering coated with a thin gold layer as the conductive layer to avoid charge 
accumulation during SEM analysis. The mechanical properties of the scaffolds were 
observed using compression test in dry condition. The elastic modulus of the cylindrical 
aerogels (scaffolds) was calculated by linear fitting of the elastic region of the stress-strain 
curves. Attenuated Total Reflection Fourier transform infrared spectroscopy (ATR-FTIR) 
spectra were acquired using FTIR spectrometer. The swelling degree and measurement of 
porosity of the developed biocomposites were also measured.  
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4.3.3. In-vitro and in-vivo characterisation of CNF-starch biocomposites 
4.3.3.1. Biodegradation assay 
The biodegradation rate of the scaffolds was investigated using simulated body fluid 
system (SBF). The fabricated scaffolds were immersed in SBF at 37 °C for duration of 
different time intervals (1, 3, 6, 12, 24 and 48 days). The degradation rate was calculated 
using equation 3.  
4.3.3. Cytotoxicity assay 
The cytotoxicity and biocompatibility behaviour of the fabricated scaffolds were assessed 
by [3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide] (MTT) assay. The 
cytocompatibility test for this section was followed as explained in section 3.5.2 of this 
work.  
4.3.4. in-vivo biocompatibility assay 
For this part of the study, 3 male Sprague-Dawley rats (aged between 8-10 weeks) were 
chosen and weighted between 230–260 g, living in the same conditions. Ethical 
considerations of animal experiments were conducted with respect to Animal Care Use 
Committee of Shiraz University of Medical Science, Shiraz, Iran. The in-vivo experiment 
was conducted according to the procedure explained in section 3.5.3. 
 
4.4.  Results and discussion 
4.4.1. Pore structure and surface morphology of CNF-starch biocomposite 
The investigation on the morphology of the CNF-starch scaffolds was conducted using 
SEM images. The gravimetric measurements showed an average porosity of >90% across 
all developed CNF-starch samples. This validates the formation of a porous 3D structure 
scaffold fabricated by freeze drying process. Also, the chemically modified nanocellulose 
derivative used in this study (TEMPO-CNF) can potentially oxidize the primary alcohols 
on the molecular chain of cellulose and initiate negative surface charged groups (i.e. 
carboxyl group) into the fibres, increasing the width of the nanocellulose and result in 
more homogenous structure (Nechyporchuk, Belgacem and Bras, 2016). The visual SEM 
images of the frontal surface of the structures, from bottom to top respectively, is shown 
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in figure 4-1b-d. The obtained structures suggest the replication of the ice crystals 
sublimated upon freeze drying. Utilising freeze drying allows obtaining open-porous 
structures with good interconnectivity between pores throughout the entire structure 
(figure 4-1e). Previously, obtaining a 3D interconnected porous structure remained an 
obstacle in development of scaffolds for tissue regeneration (Unnithan et al., 2012; Abbasi 
et al., 2014).  Moreover, the obtained ice crystal morphology dictates the porous structure, 
which can help regulating the shape and size of the pores by tuning the processing 
parameters (freezing rate and solution concentration). Looking at figure 4-1b, pores with 
fine cellular structure and arbitrary array are formed at the bottom of the scaffold with an 
average diameter of 40 ± 6.3 µm. This is mainly due to the unidirectional formation of ice 
crystal formed at the bottom of the mould (caused by higher conductivity). As moving 
away from the bottom (figure 4-1c and d), more aligned pore channels with 
multidirectional structure (and larger pores) are developed (figure 4-1b-d). The cross-
sectional images of the scaffolds show aligned pores with bridges between the pore walls 
which validates the interconnectivity of the 3D structures (figure 4-1e), it also implies the 
replica of the lamellar structure created by ice crystals.  
The average width of the aligned lamellar pores for both uncrosslinked (sample 3-5) and 
crosslinked (sample 6-8) samples is shown in figure 4-1g (from section 1-3), where the 
width of the aligned pores are within the range of 12-92 µm, and they tend to increase as 
moving from the bottom (section 1 in figure 4-1) towards to top (section 2 and 3). This 
suggests the creation of lamellar pores with gradient size in the developed scaffolds. In 
contrast, the average width of the aligned pores starts to decrease as getting closer to the 
top surface. This is mainly due to the high concentration of the remaining solution at the 
top surface of solidified scaffold.  
Table 4-2 CNF-starch scaffold’s structure characteristics.  
Sample No. Density  
(g/ cm3) 
Pore size 
Interval (µm) 
Porosity (%) Moisture 
uptake (%) 
Sample 1 0.02601 20 – 120 93.36±1.28 13.03 ± 1.11 
Sample 3 0.0267 17 – 104 91.84±1.32 11.69 ± 1.38 
Sample 4 0.0266 11 – 91 90.66 ± 1.01 12.365 ±0.84 
Sample 5 0.0263 10- 85 89.21 ± 1.27 9.496 ± 1.17 
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Sample 6 0.0269 12 – 92 91.36± 1.39 10.18 ± 1.35 
Sample 7 0.0248 14-81 91.24 ±1.02 10.79 ±1.39 
Sample 8 0.0261 8-79 90.07 ± 1.65 11.633± 0.55 
 
By incorporating starch into the CNF suspension, a more homogenous structure is 
observed (figure 4-2a-g). However, there is no significant differences on the overall 
porosity of the scaffolds. Looking at sample 3-5, sample with the lowest starch 
concentration shows an average pore size of 78.47 ± 41.79 µm (sample 3). As the starch 
concentration increases, the average pore size decreases (52.31 ± 30.28 µm and 36.58 ± 
21.00 µm for sample 4 and 5 respectively).  This could be due to the gelatinised formation 
of starch in aqueous solution, where upon cyrogelation, smaller pores are obtained, 
resulting in smaller average pore size. On the other hand, higher concentration of starch 
offers a denser structure with more uniformity of the aligned pores (figure 4-2c, e and f). 
The crosslinking agent also improves this phenomenon by further aligning the lamellar 
walls (figure 4-2e-g). Also, the crosslinking agent (used in samples 6-8) tunes and controls 
the distribution of the pore sizes compared to the uncrosslinked samples (samples 9-11). 
Looking at the figure 4-2, sample 7 (figure 4-2f) illustrates more aligned pore format, with 
wider pore distribution (14-107 µm), offering more optimal pore structure compared to 
the other samples.  
Overall, the increase or decrease in starch concentration doesn’t have significant effect on 
the overall porosity of the developed CNF-starch biocomposites.   
The pore distribution achieved in the fabricated scaffolds can potentially play a promoting 
role in cell proliferation, adhesion and infiltration, where larger pores can facilitate 
nutrients diffusion deep into the scaffolds. Furthermore, obtaining optimal pore size 
depends on the application of scaffold. For instance, for bone tissue engineering, the 
optimal pore size for osteoblast activity is suggested to be around 40 µm and larger pore 
size (100 µm) facilitated the cell migration. In another study, larger pore size results in 
reduction of scaffold specific surface area, therefore limiting the cell migration (O’Brien 
et al., 2007).  
Chapter 4: Development of tuneable porous 3-dimensional hybrid CNF-Gelatine scaffolds 
 
93 
 
 
Figure 4-1 a) the developed 3D CNF-STARCH scaffold (sample 4) b, c and d) pore 
characteristics of scaffolds observed by SEM from the frontal surface of the scaffold from 
bottom (1) to top (2 and 3) respectively. e) Cross-section area perpendicular to the aligned pores 
direction (towards the top surface) observed by SEM. The bridges between the aligned pore 
walls are indicated with green arrows. f) Schematic illustration of the formation and growth 
mechanism of the unidirectional ice crystals upon solidification of the solution. 
 
Details of the scaffold’s morphological characteristics are highlighted in table 4-1. The 
scaffolds with no crosslinking agent possess larger average pore size compared to that of 
the crosslinked samples, which validates the effect of the crosslinking to control the pore 
size and their homogeneity within the structure. In terms of the morphological 
characteristics, sample 6 offers better porous structure with wider pore size range (12– 92 
µm) and more interconnected pore structures.  
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Figure 4-2 pore structure of 3D uncrosslinked (a-c) vs crosslinked scaffolds (e-g), (a) sample 3, 
(b) sample 4, (c) sample 5 e) sample 6, f) sample 7 and g) sample 8. The scale bar is at 400 µm.  
4.4.2. Swelling degree of CNF-starch 
The water absorption ability of scaffolds (swelling in aqueous media) is of great 
importance in estimation of fluid uptake from the medium. It is well known that cells 
require moist environment to survive and proliferate (Ismail and Zaaba, 2014). In fact, 
one of the major limitations of starch-based polymers are their poor water absorption 
tendency, since they are considered as water sensitive material. Therefore, it is essential 
to employ the water absorption test as a significant indicator of validating the suitability 
of CNF-starch biocomposite used for tissue regeneration. This study was performed to 
investigate the water-retaining capacity of the CNF-starch aerogels.  
Amongst these biocompositions, neat TEMPO-CNF is expected to have higher water 
uptake than those starch-based composites due to its strong intramolecular hydrogen bond 
network and rigidity, helping it not fully dissolve in water, also starch is more hydrophilic 
in nature and tends to have weaker hydrogen bond, resulting in faster dissolution in water. 
This can be seen in figure 4-3, where sample 1 (neat CNF) shows the highest water uptake 
compared to the other samples in 72 hr of exposure to aqueous media (2267± 92%). Neat 
starch (sample 2) swells 120 ± 10.2 % of its dry (initial) weight during the first 24 hr of 
exposure, and then starts dissolving in water, and the structure is fully dissolved by 72 hr.  
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The water retention of highly porous 3D developed biocomposite aerogels ranges between 
1589 to 2087% of their dry weight in 72 hr depending on the ratio of CNF to starch. 
Addition of starch into the CNF suspension reduces the swelling degree, where the 
swelling degree of sample 3-5 after 72 hr of exposure (uncrosslinked biocomposites) are 
recorded to be 2087.53 ± 65.4%, 1991.20 ± 67.31% and 1523.3 ± 30.1 %, respectively. 
The scaffolds with higher concentration of CNF tend to absorb more water due to their 
strong intermolecular hydrogen bond, forming hydrogel. Amongst the crosslinked 
samples, sample 6 shows the highest water retention by swelling 2122.5 ± 21.2% of its 
original dry weight, compared to sample 7 (1991.4 ± 31.23) and sample 8 (1598.23 ± 
16.16). This confirms the existence of crosslinking agent can potentially help maintaining 
the structure, resulting in more water penetration through the pores. This result can be 
validated via the compression mechanical test as well, where the crosslinked samples 
withheld higher compression load compared to the uncrolssinked samples. By increasing 
the starch concentration to 50% of the composition, less water retention was observed, 
where the lowest swelling degree was recorded for sample 5 (CNF50-starch50) as it swelled 
1589 ± 16.16% of its initial dry weight. This can also be seen on figure 4-3 b, where 
uncrosslinked biocomposites with highest starch concentration (sample 4 and 5) start to 
slowly deform due to high water penetration, affecting the resilience of the structure, 
whereas the crosslinked sample maintained their shape. This confirms the effect of 
chemical crosslinking in terms of creating stronger molecular interaction between CNF 
and starch, resulting in better water penetration.  
The starch contains numerous polar amylose hydrophilic groups, which contributes to the 
decrease of swelling ability observed for the 3D CNF-starch biocomposites. These results 
are in agreements with those previously reported (Hietala, Mathew and Oksman, 2013; 
Nasri-Nasrabadi et al., 2014).  
All the samples were saturated after 3 days immersion in the media and no increase in 
their swelling degree was recorded after the 3rd day (72 hr).  
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Figure 4-3 (a) freeze-dried scaffolds at room temperature, (b) swollen scaffolds after being 
immersed in PBS for 72 hours. 
This study suggested that by incorporating starch into the CNF biocomposite, the swelling 
degree of the scaffold could be decreased. Figure 4-4b illustrates a schematic view of the 
modified CNF network in its dry form and the changes in the formation once water 
penetrates into the network after swelling.  
 
Figure 4-4 (a) swelling ratio of the different samples over 3 days. (b) Illustration of a dry 
cellulose structure which swells and forms 3D hydrogellic network in aqueous solution (water).  
4.4.3. Chemical evaluation of CNF-starch structures using ATR-FTIR 
In order to understand the interaction of CNF with starch, as well as to validate the 
crosslinking of their molecules, ATR-FTIR analysis was performed on the samples. The 
spectra obtained are shown in figure 4-5 and the correspondent functional groups are 
explained in table 4-3. There is noticeable variation of peaks through the samples despite 
their different absorption intensities, which could be due to differences in the number of 
analysed samples. The band in the spectrum approximately near 1725 cm-1 accounts for 
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the presence of C=O stretching vibration of the carbonyl and acetyl groups of xylan 
component existing in hemicellulose and lignin. This peak is highly intense for sample 1 
(CNF100) and blending the starch into the biocomposite decreases the intensity of this peak 
(sample 2-7). This change is also visible at peak 1028 cm-1, where introducing the starch 
into the biocomposite decreases the peak intensity, suggesting the interaction of CNF with 
starch. The –OH groups in CNF and starch are apparent at the peak around 3300 cm-1. By 
increasing the concentration of starch (sample 3-8), the peak intensity for the –OH group 
reduces, which confirms strong secondary bonding between CNF-starch matrixes. This is 
also in agreement with previous studies (Cao et al., 2008; Kargarzadeh and Ahmad, 2015). 
The band around 1028 cm-1 is attributed to the formulation of alkoxyester (C-O) which 
shows the esterification of starch molecules with the epichlohydrin (EPH). This 
esterification is associated with reaction of carboxyl group of chlorine in EPH and the 
hydroxyl group of the starch and CNF molecules. Moreover, since EPH contains three 
carboxyl groups, it could act as a crosslinking factor between the CNF and starch 
molecules via the esterification.  
 
Figure 4-5 FTIR spectra of the CNF-STARCH scaffolds with different compositions.  
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Table 4-3 The IR-Spectra of various functional group existed in the analysis  
IR Spectra Functional group 
3000-3600 cm-1 Hydrogen bonding 
3200-3500 cm-1 Hydroxyl group 
3400- 3300 cm-1 -OH stretching, NH stretching 
2900 cm-1 C-H stretches  
1600-1700 cm-1 C=O (amide I) 
1300- 1600 cm-1 O-H bonding of water, amide 
II and amide III 
700-1200 cm-1 C-O bonding 
 
4.4.4. Mechanical properties of CNF-starch biocomposites 
To obtain the mechanical properties of the developed scaffolds, the compression test was 
performed. Figure 4-6 is a typical stress-strain curve for the samples tested. The 
compressive stress and compressive modulus of each sample is presented in table 4-3. No 
sign of buckling was observed during the compression test for any of the samples (figure 
4-6a). As shown in figure 4-6b, sample 1 (CNF100) has the highest compressive strength 
(71.35 kPa) and sample 2 (starch100) exhibits the lowest resistance to compression load 
(compression stress of 10.3 kPa at 70% strain). This is mainly due to the strong hydrogen 
bond and the lamellar cells walls (2D sheet layers) existing within the cellulose network, 
making it more resistant towards the compression load; also, a good interaction between 
cellulose and starch can aid a better stress transfer through the scaffold.  
Figure 4-6 typical stress-strain curve of the CNF-starch scaffolds (a) illustration of 70% 
compressed scaffold, (b) uncrosslinked samples (c) crosslinked samples. 
Chapter 4: Development of tuneable porous 3-dimensional hybrid CNF-Gelatine scaffolds 
 
99 
 
Incorporating the TEMPO CNF into the starch composition enhanced the mechanical 
properties, where sample 3 (CNF90 -starch10) exhibits a compressive stress of 61.06 kPa, 
however, by increasing the concentration of starch the compressive modulus starts to drop 
(sample 4 and 5 have 49.6 and 36.22 kPa respectively), where sample 5 exhibits the lowest 
compression stress compared to any other samples. By incorporating the crosslinking 
agent, the mechanical properties are slightly enhanced, where sample 6 (CNF90-starch10x) 
exhibits the highest compressive modulus (67.43 kPa) compared to the other CNF-starch 
groups. This implies that the interaction of CNF with starch through crosslinking agent 
can enhance the mechanical properties. Moreover, the rigid lamellar walls of cellulose 
that are well dispersed within the matrix create an adequate adhesion to the matrix that 
accounts for enhanced mechanical properties. It is noteworthy to mention that when the 
concertation of CNF dropped from 90% to 70 and 50%, the compressive strength was 
decreased in both the samples. This is mainly because the scaffolds contain higher 
concentrations of starch, which has high molecular mobility and weak interaction of 
chains, causing it to be a brittle polymer with weaker mechanical properties compared to 
CNF (Nasri-Nasrabadi et al., 2014). Also, the results obtained by compression test 
validate their relationship with the mechanical properties and porosity. Moreover, samples 
with larger pore sizes showed a lower compression strength (sample 5 and 8) (figure 4-
7). 
 
 
Figure 4-7 sample 5 and 8 with large and small pore sizes potentially effecting the mechanical 
properties.  
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Table 4-4 compression properties values of CNF-STARCH samples at 70% strain 
Samples Density 
(g/cm3) 
Comp. stress at 
70% strain (kPa) 
Specific compr. 
stress (kgPa/gcm3) 
Compr. modulus 
(kPa) at 10% strain 
Sample 1 0.02601 71.35 ± 2.3 2743.175 14.52 
Sample 2 0.0251 10.3±1.1 410.36 0.987 
Sample 3 0.0267 61.06 ± 2.7 2286.891 11.1 
Sample 4 0.0266  49.6± 1.88 1864.66 8.96 
Sample 5 0.0263 36.22 ± 2.2 1377.18 5.84 
Sample 6 0.0269  67.43 ± 3.2 2506.69 13.1 
Sample 7 0.0248  52.25± 3.5 2106.85 10.01 
Sample 8 0.0261 40.054 + 2.1 1534.636 6.18 
 
The mechanical properties observed from this study is in good agreement with those 
reported in literature for highly porous biopolymer based scaffolds for non-load bearing 
applications (Wu et al., 2010; Mirab, Eslamian and Bagheri, 2018). For instance, a study 
by Mirab et al showed a highly porous scaffold (~93%) made of starch and hyaluronic 
acid, the compressive modulus was ~80±5 kPa, suggesting the use of starch-hyaluronic 
acid scaffold for bone tissue regenerations (Mirab, Eslamian and Bagheri, 2018). Another 
study by Wu et al observed compression test for cross-linked aligned gelatine porous 
scaffolds, where they reported higher compressive strength (between 22.5 to 30 kPa), 
where improvement on mechanical strength was obtained by increasing crosslinking 
effect (Wu et al., 2010).  
Figure 4-6 shows the stress strain curve for all the CNF-starch composites with various 
concentrations (as shown in table 5-3). As it can be seen, the higher concentration of CNF 
results in higher compressive resistance owing to the higher density of microtubules, 
consequently resulting in more lamellar walls resisting towards the compression. The 
compressive strength was found to be low in formulation with higher concentration of 
starch, which could be because of the presence of the larger pore sizes, resulting in lower 
mechanical compression resistance. Also, the addition of crosslinking agent leads to 
higher resistance towards the compression. From the results obtained in this section, it is 
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clear that sample 6 could potentially be an ideal matrix for scaffold fabrication in terms 
of its mechanical resistance.   
As stated, the compressive stress of the developed scaffolds is adequate for non-load 
bearing applications (10-71 kPa), and it can cover stiffness required for the tissues such 
as for skin and cartilage (Janmey and Miller, 2010). From this study, it can be observed 
that by tuning and changing the concentration of compositions, the mechanical properties 
can be altered and the addition of chemical crosslinker can also influence the mechanical 
strength of the scaffolds.  
The compressive strength obtained for each sample also validate the relationship between 
porosity and mechanical properties. From table 4-2, it is clear that the samples with higher 
porosity exhibit lower compressive strength.  
4.4.5. In-vitro biodegradation of CNF-starch 
The in-vitro biodegradation behaviour of the developed scaffolds is studied based on their 
dry weight loss percentage after incubation in SBF for 3, 6, 12, 24 and 48 days (figure 4-
8a and b). The samples start with a slow degradation in the medium up to 6 days, and a 
more weight loss occurs on 12, 24 and 48 days. The highest biodegradation rate occurs 
for the neat starch (sample 2), where the whole composition is degraded after 4 days. The 
lowest degradation rate is recorded for sample 1 (neat CNF), where only 10% of the 
structure is degraded after 48 days. The incorporation of starch into the composition helps 
tuning the degradation rate through time. As seen, the scaffolds are increasingly degraded 
over time as the concentration of starch is increased in the biocomposite (figure 4-8a). As 
shown in figure 4-8, the weight loss percentage of the biocomposite with the highest 
concentration of CNF to starch (90:10) (sample 3) is 17.21 % ±1.04 after 48 days, and by 
increasing the concentration of starch (sample 4 and 5), the weight loss increases to 23.43 
±1.34 % and 36.67 % ±1.47 %, respectively after 48 days. As shown in figure 4-8a, sample 
5 (CNF50-STARCH50) shows the highest weight loss (36.67% ± 1.47 %) in SBF. This 
higher enzymatic biodegradation can also be linked with the poor mechanical resilience 
of this sample, making it easier for enzyme to diffuse into the structure’s molecule and 
accelerate the degradation. However, incorporation of crosslinking agent (EPH) 
decelerates the degradation rate by decreasing the weight loss over time, where sample 8 
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(CNF50-starch50 x) has a weight loss of 32.56% over the same period of time. This could 
be due to the higher strength of hydrogen bond interaction between CNF and starch 
through crosslinking, resulting in less rapid degradation (Kargarzadeh and Ahmad, 2015). 
This is evident in all samples, where the crosslinking agent reduces the biodegradation 
rate. For instance, sample 4 has a weight loss of 23.43 ±1.31 % over 48 days, and an 
addition of crosslinking agent (sample 7) decelerates the weight loss to 21.446±1.27 %. 
This confirms the effect of crosslinking agent in controlling the biodegradation rate of the 
biocomposite.  
On average, the uncrosslinked samples show faster enzymatic degradation rates compared 
to the crosslinked ones (figure 4-8b). In other word, the addition of chemical crosslinking 
agent in CNF-starch 3D biocomposites can alter the degradation behaviour of the 
scaffolds by accelerating or decelerating the enzymatic biodegradation. This controlled 
degradation rate makes these biocomposites advantageous for developing the next 
generation scaffolds degraded gradually. Moreover, depending on the targeted tissue, the 
degradation rate should match that of the tissue growth rate, where the implant should 
gradually transfer to the regeneration tissue (L. Zhang et al., 2019). Generally, the 
scaffolds must be degraded by at least more than 50 % of its original weight for soft, non-
load bearing tissue engineering applications over 8 weeks (Muniyasamy et al., 2013; Lin 
and Dufresne, 2014). Therefore, this arises the need to develop natural biocomposite, 
which can be altered to accelerate the enzymatic biodegradation required for soft tissue 
regeneration.  
Chapter 4: Development of tuneable porous 3-dimensional hybrid CNF-Gelatine scaffolds 
 
103 
 
 
Figure 4-0-6 biodegradation behaviour of the developed CNF-STARCH biocomposite after 
incubation in SBF at 37 °C in different time intervals (a). The comparison between 
uncrosslinked and crosslinked biocomposite samples (b)  
4.4.6. Cell viability assay for CNF-starch scaffolds 
The cytocompatibility of the developed CNF-starch scaffolds were tested through the 
MTT assay. The viability percentages of HDFs in contact with scaffolds were also 
investigated in various time intervals (2, 5 and 10 days) as shown in figure 4-7. Looking 
at figure 4-8, at day 2, sample 1 shows the least cell metabolic activity through colour 
absorbance, and by addition of starch into the biocomposite the metabolic activity of the 
cells increases. Sample 8 shows the highest cell metabolic activity at day 2, which could 
be associated with having the highest starch concentration, crosslinked with CNF. At day 
5, sample 5 (uncrosslinked CNF50-starch50) offers the highest cell metabolic activity 
compared to the other groups. This could be due to a more distinct interaction of CNF 
with starch in-vitro. The addition of starch into the CNF enhances the cell proliferation, 
where samples 3-5 show better cell proliferation in day 6 and 10 compared to sample 1 
(neat CNF). Samples with lower concentration of starch shows less cell metabolic activity 
(less absorbance in samples 3 and 4) at day 5. The addition of crosslinking agent shows 
only minor improvement on the metabolic activity of the cells within the biocomposite, 
with sample 8 offering better cytocompatibility at day 5 and day 10. The MTT assay 
validates adequate cytocompatibility of scaffolds in contact with the HDF cells, which is 
associated with the biocompatibility of the scaffold constitutes (materials), and the green 
technique used to fabricate these scaffolds. As shown in figure 4-8, the cell viability of 
Figure 4-8 
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CNF-starch biocomposite with various concentration ranges between 51-62% over 10 
days of cell culture. The neat CNF (sample 1) has a little decrement in terms of the cell 
viability (from 51.21±1.12 to 49.45 ±1.04 %), which could be attributed to the presence 
of some acidic enzymes used during the enzymatic TEMPO-CNF suspension’s 
preparation. Sample 3 shows less average cell viability 10 days compared over to sample 
4 and 5 (55.4 ±1.76 %, 60.77±1.93 and 62.93±2.36, respectively), which could be due to 
less starch concentration compared to the other samples. The employment of the starch 
has improved the overall cell viability, by increasing the starch concentration, the cell 
viability is also improved. Also, utilising the epichlorohydrin as the chemical crosslinking 
agent showed no sign of toxicity for the developed scaffolds (sample 6-8).  
It is worth mentioning that due to having smaller and denser pore structures of sample 1 
and 6, less cell viability was observed, where proliferation of HDF can be restricted due 
to having lower pore volume (Bhardwaj et al., 2011) 
 
Figure 4-0-7 Analysis of HDF cell viability through MTT assay on CNF-STARCH 
biocomposite with different compositions (sample 1, 3-8) at different time intervals (2,5 and 10 
days of culture). 
Figure 4-9 
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Figure 4-0-8   The HDFs cells viability (%) in interaction with scaffolds with various 
composition content obtained by MTT assay through different times (2, 6 and 10 days). 
 
4.4.7. In-vivo biocompatibility of CNF-starch 
The in-vivo biocompatibility of three samples (sample 1, 7 and 8) with more optimal 
characteristics was analysed and is shown in figure 4-11. To analyse the biocompatibility, 
subcutaneous implantation was used as the method. All the rats were healthy during eight 
weeks of in-vivo analysis. The microscopic characterisation of the connective tissue 
surrounded the scaffold is shown in figure 4-11. The thick arrow shows the inflammation 
and the thin arrows indicate the foreign body giant cell reaction. At first week, sample 1 
shows severe inflammation with severe foreign giant cell body reactions visible, and 
remains similar during week 4 and 8. Addition of starch in the composites shows to have 
limited improvement on in-vivo biocompoatibility of CNF-starch biocomposite, where 
sample 7 at week 1 still shows severe inflammation with moderate foreign giant body cell 
reaction, and it remains constant at week 8. By increasing the concentration of starch to 
50wt.% of the biocomposite (sample 9), no significant changes are observed on 
inflammation and foreign giant cell reaction during 1st week, although these reactions are 
reduced at week 4, but at week 8, they are still shown to be severe.  
Figure 4-10 
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Overall, the in-vivo study of CNF-starch biocomposite revealed poor improvement on the 
inflammation and foreign body giant cell reaction of the surrounding tissues. This can 
validate the unsatisfactory cell viability results obtained in-vitro, where HDF cells were 
not proliferating over time within the scaffolds. This study suggests that CNF-starch 
biocomposite in-vivo needs further modification to enhance its biocompatibility as no sign 
of improvement on inflammation and foreign giant cell body reactions. This study also 
confirms the low in-vitro cell viability of HDF cells within the scaffolds in various time 
intervals.  
 
Figure 4-0-9 Histological in-vivo microscopic analysis of the CNF-starch biocomposite for 
sample 1, 7 and 8 scaffolds implemented within the rat’s tissue. 
4.5 Summary 
In this chapter, porous 3D CNF-starch aerogels reinforced with EPH as chemical 
crosslinking agent were developed using the freeze drying process through unidirectional 
freezing. To enhance the physiochemical and mechanical properties of the aerogel, CNF 
was added to the starch solution. The morphological characteristics of this study revealed 
that the developed CNF-starch scaffolds offer >90% porosity, with interconnected pores, 
which validates the formation of porous 3D structure. The unidirectional pore structure of 
re 4-11 
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the developed scaffolds showed cellular pores with diameter ranging from 10 to 140 µm 
and aligned pore channels and interconnected pore structure, which could potentially 
facilitate cell proliferation and tissue regeneration. The FTIR results confirmed that the 
starch and CNF are chemically crosslinked, and there is interaction of the materials within 
the hydroxyl group and O=H stretching bonds. In-vitro biodegradation study of the CNF-
starch scaffolds revealed that by addition of starch into the CNF suspension the weight 
loss of the scaffold due to enzymatic degradation is slightly enhanced, however it is not 
optimal for wound healing application. The mechanical properties of the 3D 
biocomposites are within the range of 36.22±2.2 to 67.43±3.2 kPa. By increasing the CNF 
concentration within the biocomposite, the compression strength was increased, also the 
EPH improved the mechanical strength of the scaffolds.   
The cell viability using MTT assay with HDF cells investigated the cytocompatibility of 
the scaffolds, where sample 5 offered better cell viability over 10 days (60.7±1.93 %). 
This is considered a low cell viability for scaffolds in tissue engineering application. This 
low cell viability could mainly be due to the poor interaction of CNF and starch molecules, 
which resulted in a poor environment for the HDF cells to attach and proliferation. This 
low biocompatibility was further confirmed through in-vivo investigation on rats, where 
no improvement on inflammation and giant foreign body cell reaction was found as the 
CNF and starch concentrations were altered in the biocomposites. Briefly, the developed 
porous CNF-starch 3D aerogels with gradient pore formation showed unsatisfactory 
morphological and biological properties for soft tissue regeneration. Moreover, despite 
having optimal mechanical, morphological structure, the biodegradation rate is still slow 
for use in soft tissue engineering application. Also, the cytotoxicity assays reported cell 
viability of ~60%  after 10 days of cell culture, which is not optimal for 3D scaffolds.  
This study suggests further research is required towards exploring the use of other natural 
protein-based polymer to be employed with CNF to assess their suitability for 
development of 3D biocomposites.  
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Chapter 5: Development of porous 3D hybrid CNF-gelatine 
biocomposite scaffolds 
 
 
 
5.1 Introduction 
Due to the significant challenges encountered in supporting cell growth on 2-dimensional 
(2D) substrate, there is a great demand for the development of 3-dimensional (3D) 
structures that resemble the extracellular matrix (ECM) structure found in native tissues. 
As a result, aerogels with highly porous and interconnected structures fabricated via freeze 
drying have extensively been explored and studied as scaffolds for tissue regeneration 
(Tchemtchoua et al., 2011; Bilgic et al., 2013; Jin et al., 2015). They can be formed as a 
template resembling ECM’s structure due to their morphological similarity, which can 
potentially aid cell attachment and proliferation, depending on the type of biomaterials 
used for their fabrication (Czaja et al. 2007). Despite aerogel’s 3D morphological 
similarity to ECM, its physiochemical, mechanical and biological characteristics needs to 
be investigated as optimal scaffolds for tissue regeneration. Moreover, by developing 
appropriate natural biopolymers to form biocomposite, cell interaction in functional 
tissues can be improved, as oppose on using single polymer for scaffold fabrication can 
cause various limitation. For instance, conjugating cellulose with gelatine can resemble 
glycoprotein existed in ECM, resulting in development of new synergistic biocomposites 
that can serve as a functional tool for designing complex structures required for tissue 
engineering applications (Gorgieva, Girandon and Kokol, 2017).   
Gelatine is a protein-based natural polymer derived from the hydrolysis of collagen, a 
component of natural ECM (Mogoşanu and Grumezescu, 2014). Despite their excellent 
biocompatibility, there are shortages associated with their physiochemical (fast enzymatic 
degradation and poor morphological characteristics) and mechanical properties for their 
use as 3D scaffolds for tissue regeneration (Su and Wang, 2015). Therefore, it is of great 
importance to investigate the physiochemical mechanical and biological properties of 
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gelatine combined with other robust natural biopolymer to form biocomposites suitable 
for tissue engineering applications.  
Cellulose is one of the most abundant, rapidly reproducible natural resourced 
biopolymers, and it has been used in fibre production with long history. It possesses 
excellent biocompatibility, desirable structural strength and stiffness, good hydrophilicity 
and cost effectiveness compared to other natural polymers, making it a great candidate for 
scaffold fabrication (Klemm et al. 2011; Jorfi and Foster 2015). The Nano-sized cellulose 
fibres (CNF) obtained through hydrolysis of cellulose fibrils are receiving great attention 
as they offer high surface area and strong mechanical properties. Their molecules tend to 
have strong ability to form intramolecular hydrogen bond networks that can promote the 
interchain cohesion and formation of crystalline and amorphous regions, resulting in great 
water retention capacity and improved cell viability (Long, Weng and Wang, 2018; Jovic 
et al., 2019). Moreover, the use of chemically modified CNF (TEMPO-CNF) can further 
enhance the mechanical properties and swelling degree and reduce enzymatic 
degradation. This is due to the presence of higher number of hydroxyl group of the 
glucopyranose monomers in the CNF and less aggregated fibrils. Lou et al investigated 
the cell behaviour of Human pluripotent stem cells on CNF hydrogel, and found the 
promotion of cell-cell interaction in the 3D structure hydrogel (Lou et al. 2014). There are 
however some limitations associated with the use of CNF solely for the scaffold 
fabrication, such as slow enzymatic degradation. To overcome this limitation, cellulose 
can be combined with gelatine (fast enzymatic degradation and excellent 
biocompatibility) to form biocomposite, as this offers controllable and tuneable 
physiochemical mechanical and biological properties, enabling to further optimisation of 
scaffolds for cell culture and tissue engineering. 
Gelatine biocomposites reinforced with TEMPO-CNF developed through chemical 
crosslinking are less explored compared to the other types of gelatine-polysaccharides. 
Simultaneously, such biocomposites can be further investigated to control the limitation 
associated with both gelatine and CNF to obtain an optimal variation.   
In order to be able to help direct the appropriate cell behaviour with a 3D aerogel to 
develop functional tissues, gelatine and cellulose can be investigated via their synthesising 
parameters (varying ratio and chemical crosslinking concentration). The use of chemical 
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crosslinking can be of interest since it is cost effective and can promote the stronger 
molecular interaction between the biopolymer, resulting in more robust and homogenous 
structure. Chemical crosslinkers such as epichlrohydrin have shown to be effective for 
protein and polysaccharide polymers, as they are biocompatible water soluble, cheap with 
no toxic reaction (Naseri et al., 2016).   
This chapter focuses on the development of porous 3D CNF-gelatine biocomposite 
aerogels for tissue regeneration application. The physiochemical (morphological), 
mechanical and biological properties of the 3D CNF-gelatine aerogels are tuned by 
altering the suspension concentration of the biocomposite, biocomposite matrix ratio and 
crosslinking agent to obtain the optimal scaffold for cell attachment and proliferation.  
 
5.2. Experimental set up  
5.2.1. Materials  
 The TEMPO-CNF (1wt. %) of pretreated wood pulp (purchased from EMPA, 
Switzerland) was used as the reference matrix suspension (designated as CNF100). The 
CNF preparation was fully explained in section 3.2.1. The CNF suspension was stored at 
4.0 ⁰C before further experiments and analysis. Type a gelatine from porcine skin (300 
Bloom), EPH, and phosphate buffered saline (PBS) were supplied from Sigma Aldrich, 
USA.  
5.2.1 Fabrication of porous 3D CNF-gelatine aerogels  
Prior to obtaining the aerogel, the CNF hydrogels initially obtained exhibited coarser 
fibrils (offering larger pore size compared to fine fibrils). The hydrogel state and fibre 
dimensions of the CNF (with various compositions) are shown on figure 5-1a and b 
respectively. Centrifugation was performed to remove water from the composition for 30 
min at the rotating speed of 1500 rpm in order to obtain concentrated CNF gel (1 wt.%).  
In order to prepare the CNF-gelatine biocomposites, the gelatine solution was prepared 
using deionized water (DW), where 1 gram of gelatine powder was dissolved in 100 ml 
of DW at 70 ⁰C for 3 hr and stirred at 1500 rpm.  The gelatine solution was then added to 
the CNF suspension dropwise to obtain three different volume ratios (90:10, 70:30 and 
50:50) of the biocomposite mixer gels and stirred using a magnetic stirrer overnight at 
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room temperature. In order to improve the functionality of the CNF-gelatine (CNF-GEL) 
compositions both in in-vivo and in-vitro, EPH was used as a chemical crosslinker (1Phr). 
The reason behind adding 1 Phr of EPH into the composite is to achieve desirable 
crosslinking level with no adverse effect on biocompatibility, which could improve the 
physiochemical (mechanical properties, biodegradation and overall porosity) 
characteristics of aerogels. Table 5-1 summarizes the biocomposites with different 
compositions and cross-linking agent. Neat CNF100 was used as the reference sample to 
compare with the performance of the composite aerogels.  
Table 5-1 composition of the precursor for scaffold preparations 
 
Sample code 
 
Bio-composition 
CNF 
(wt. %) 
GELATIN 
(wt. %) 
Cosslinker 
(EPH) (Phr)* 
Sample 1 CNF100 100 0 - 
Sample 2 CNF90-GEL10 90 10 - 
Sample 3 CNF70-GEL30 90 10 - 
Sample 4 CNF50-GEL50 70 30 - 
Sample 5 CNF90-GEL10 X 70 30 1 
Sample 6 CNF70-GEL30 X 50 50 1 
Sample 7 CNF50-GEL50 X 50 50 1 
Sample 8 GEL100 0 100 - 
In order to obtain the porous 3D structures from the hydrogels, the prepared CNF-GEL 
hydrogel mixtures were poured in an aluminium mould (with a diameter of Ø=11mm and 
12 mm height), followed by freezing at -50 ⁰C. The frozen hydrogels were then freeze 
dried using lyophilizer (FD-10 series, by LABFREEZ INSTRUMENTS GROUP CO., 
Beijing, China) at -50 ⁰C with 0.001 mbar pressure for 72 hr. The produced 3D structured 
aerogels were used for further analysis (figure 5-2).  
5.2.2. Crosslinking of CNF-GEL biocomposite 
The solutions prepared in section 4.3.1 were cooled down at room temperature, followed 
by addition of 200 µl of EPH as the crosslinking agent. It is important to note that since 
300 µl and 100 µl EPH were previously consumed for the dispersion of CNF, and 
employment of high amount of EPH can extensively increase the covalent bond and 
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crosslinking reaction, also it can potentially impact the toxicity of the composition.  The 
added EPH to the suspension was homogenized by mechanical stirring at 1500 rpm for 
30 min at room temperature (Dong et al., 2013; Maitra and Shukla, 2014).  
 
Figure 5-1 (a) hydrogel CNF suspension (b) AFM image of the CNF suspension 
showing the fibre dimensions of CNF, (c) the process of developing the porous 
structure, d) obtained highly porous scaffold. 
5.2.3. Freezing and freeze drying method 
The prepared solution suspension was unidirectionally solidified as follow: The 
suspension was poured into moulds made of aluminium tube (diameter of Ø=11mm and 
12 mm height), of which its bottom was sealed by polytetrafluoroethylene (PTFE). The 
moulds were insulated and placed on an aluminium substrate and frozen using liquid 
nitrogen. In each mould, 4 ml of solution/suspension was poured; followed by freezing 
from bottom to top, the solidified samples were freeze-dried using the apparatus explained 
in section 3.2 under the following condition: drying at -50 ⁰C with 0.001 mbar pressure 
for 72 hr. The prepared scaffolds were ejected from the aluminium tube, located in an 
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oven at 100 °C for four hours to complete the thermal cross-linking. The scaffolds were 
then preserved in a silica gel desiccator.  
 
5.3. CNF-gelatine scaffold’s characteristics 
5.3.1. Morphology of the 3D structures 
Scanning electron microscope was used to examine the microstructure of the scaffolds. In 
order to preserve the samples’ structure, they were cryogenically fractured and used to 
acquire with SEM. The samples were gold sputter coated for 30 s at 20 mA to discharge 
electrons. The pore size diameters were measured directly using SEM image utilities.  
5.3.2. Measurement of porosity 
The scaffolds porosity was assessed using liquid displacement method, where weight 
(W0) and volume (V0) of the samples were initially measured  
 
5.3.3. Swelling degree 
The moisture uptake degree of the aerogels was measured in 95% RH condition (without 
immersing the samples). The detailed experimental procedure is explained in section 
3.4.3. 
5.3.4. Mechanical properties 
To assess the mechanical properties of the scaffolds, compression test was performed 
using TA Instrument. The compression test was applied on cylindrical aerogels (Ø=10.5 
mm, height=12 mm) with crosshead speed of 1mm/min by using load cells of 10 N (ISO 
604, 2002). The comprehensive procedure of this experiment is explained in section 3.4.5.  
5.3.5. ATR-FTIR analysis 
Attenuated Total Reflection Fourier transform infrared spectroscopy (ATR-FTIR) spectra 
of the all the samples were recorded separately using FTIR spectrometer as explained in 
section 3.4.6.  
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5.4. In-vitro and In-vivo assays 
5.4.1. Biodegradation 
The scaffold’s ability to degrade in-vitro was investigated by using lysozyme.  To be able 
to mimic the in-vivo condition for the degradation experiments, lysozyme was used in a 
similar concentration to that of circulatory level in human body. This procedure was 
conducted according to Kokubu’s method (Kokubo and Takadama, 2006). Prior soaking 
the 3D scaffolds in SBF, the dry weight of each sample was recorded, followed by 
immersing them in 0.2 M PBS solution with pH 7.4, containing 100 mg/l of lysozyme 
which was incubated at 37 ⁰C. The degradation rate of the scaffolds was then investigated 
at 2, 5, 9, 14, 20, 27, 35, 44, and 56 days and the weight loss due to degradation was 
recorded. The weight loss was calculated from the equation below: 𝑊𝑒𝑖𝑔ℎ𝑡	𝑙𝑜𝑠𝑠	(%) = #&$*()'*(#()'*( 	× 100   (3) 
For data analysis, 4 independent experiments were conducted, and the mean value was 
taken.  
5.4.2. Cytocompatibility assay 
The metabolic activity of the HDF cells were assessed using the MTT assay as explained 
in section 3.5.2 of this thesis.  
5.4.3. Cell attachment observation 
The scaffolds were sterilized using ethanol prior pouring 100 µl medium of cell culture 
containing 35000-40000 HDF cells on the scaffolds. Cell morphology analysis explained 
in section 3.5.3 of this thesis was used for further analysis. The morphology of the cell 
was observed for the scaffold with optimum characteristics.   
5.4.4. In-vivo animal study 
For this part of the study, 3 male Sprague-Dawley rats (aged between 8-10 weeks) were 
chosen and weighted between 220 – 250 g living in the same conditions. Ethical 
considerations of animal experiments were conducted with respect to Animal Care Use 
Committee of Shiraz University of Medical Science, Shiraz, Iran. They were kept in 
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laboratory for one week prior experiment at room temperature, humidity of 55% ± 5. The 
in-vivo analysis is conducted using the procedure explained in section 3.5.3 of this work.  
 
5.5. Results and discussion 
As there are only limited studies on developing and tailoring a tuneable scaffold for 
potential biomedical applications using gelatine-CNF, this study aims to assess on how to 
improve and develop porous aerogels as potential scaffolds for biomedical application. 
The study investigates the chemical, physical and mechanical approaches towards the 
development of a tailored matrix with desired properties for potential 3D cellular model 
construction in tissue engineering. There has been a series of material process methods 
and parameters to tune the structure and their mechanical properties (shown in figure 5-
2).    
 
 
Figure 5-2 schematic diagram of sample preparation process of nano-fibrous 3D hybrid CNF (a) 
hydrogel state (dispersion of CNF and CNF-GEL), (c) digital photographs of CNF, and CNF-
GEL scaffolds (aerogels). 
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5.3.1. Microstructure analysis of CNF-gelatine scaffolds 
Figure 5-3 shows the effect of various compositions and crosslinking on scaffold 
morphology. The obtained biocomposite aerogels (both crosslinked and uncrosslinked) 
possess highly porous 3D structures (>90% porosity) with open and interconnected pores 
surrounded with thin cellulose lameral walls. The pore structures observed replicate the 
ice crystals sublamination after freeze-drying, where in fact, the morphology of the ice 
crystals provides the pore structures, subsequently, the sizes and shapes of the pores can 
be tuned by controlling the processing parameters such as freezing rate and solution 
concentration. As previously reported in literature (Sehaqui et al. 2010), neat CNF 
(sample 1) exhibits a cellular cross-section, where the 2D cell wall sheet (figure 5-3a) 
consists of fibrils are formed, which is a result of smaller fibre dimensions and fast 
formation of ice crystals during freezing condition. Addition of the gelatine into the 
composition shows no significant effect on the overall porosity of the aerogels (table 5-
2). By increasing the concentration of gelatine within the CNF-GEL biocomposite (from 
10 wt. % to 50 wt. %), smoother and layered structure are obtained (figure 5-3d and f). 
CNF-GEL biocomposites exhibits pore sizes in the range of 10 to 140 µm (figure 5-3a 
and b). This is related to the amount of solid contents in the precursor suspension, where, 
by increasing the solid content, the ice expansion is increased, resulting in higher porosity. 
Also, larger pores with less surface are observed when concentration of gelatine is 
increased from 10 to 50 % wt. within the composition (Wu et al., 2010). Adding the 
crosslinker slightly narrows down the distribution of the pore size compared to the 
uncrosslinked sample, also the crosslinking agent improves the overall homogeneity of 
the structure figure 5-3e. The uncrosslinked CNF90-GEL10 (figure 5-3c) and CNF70-GEL30 
(figure 5-3e) illustrate interconnected porous structures with bundled fibre in the matrix, 
where layered structure is attained than a fibrillary, which offers denser structure and 
contains fewer large pores. The literature also suggested that by changing the 
concentration of the suspension, the pore sizes and density of the foams can be controlled 
(Sehaqui et al. 2010).  
The uncrosslinked aerogel with the lowest gelatine concentration (sample 3) possesses an 
average porosity of 92.49±1.32% (average pore size of 78.47±41.79 µm). By adding the 
crosslinker (sample 6), the overall porosity changes to 93.21±1.39 (average pore size 
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decreases from 78.47±41.79 to 68.2 ±36.89 µm). Sample 4 (CNF70-GEL30) shows an 
overall porosity of 91.72±1.01% (average pore size of 36.58±21.00 µm), and the chemical 
crosslinking (sample 7) changes the porosity to 92.45±1.12%. Such highly porous 
nanostructured fibrous matrix could expectedly help cell fixation and development of 
ECM once implanted. This is merely because the rough surface (which is created by 
adding gelatine) can enhance cell vascularization and diffusion rate (exchange of 
nutrition) (Cheung et al. 2007; Thorvaldsson et al. 2008).  
 
Figure 5-3 SEM images of sample 1 (a), sample 2 (b), sample 3 (c), sample 4 (d), sample 5 (e), 
sample 6 (f), and sample 7 (g). 
The fabricated aerogels all possess high porosity (>91%) as well as having low density 
(table 5-2), which correlate to those reported in literature (Sehaqui et al. 2011).  Tuning 
the structure’s content and adding the crosslinker have minimal impact on the overall 
porosity of the resulting aerogels. Moreover, all the samples exhibit porous structure 
irrespective of their compositions.  
Table 5-2 scaffold’s bio-compositions characteristics 
Sample No. Sample’s 
composition 
Density 
(g/ cm3) 
Ave. Pore sizes 
(µm) 
Porosity (%) Moisture 
uptake (%) 
Sample1 CNF100 0.026 90.68 ± 50.44 93.36±1.28 13.23 ± 1.31 
Sample 3 CNF90-GEL10 0.03 78.47 ± 41.79 92.49±1.32 11.69 ± 1.38 
Sample 4 CNF70-GEL30 0.0296 53.58 ± 21.00 91.72 ± 1.01 12.37 ±0.84 
Sample 5 CNF50-GEL50 0.02927 41.31 ± 30.28 90.46 ± 1.27 9.496 ± 1.17 
Sample 6 CNF90-GEL10 x 0.0292 68.22 ± 36.89 93.21± 1.39 10.18 ± 1.35 
Sample 7 CNF70-GEL30 x 0.0307 67.48 ± 32.95 92.45 ± 1.12 10.79 ±1.39 
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Sample 8 CNF50-GEL50 x 0.03 49.08 ± 16.3 91.12 ± 1.65 11.633± 0.55 
 
5.3.2. Swelling degree analysis of CNF-gelatine biocomposites 
It is crucial to assess the water retention of scaffolds as it is a key parameter for the ECM 
to maintain extracellular homeostasis. As shown, by increasing the CNF content, the 
aerogels’ swelling degree is increased. This is expected due to the hydrophilic nature of 
the CNF and gelatine (Saito et al., 2013). Also, the porous structure of the aerogels can 
influence the water penetration speed in the scaffolds and the amount of water uptake. 
The PBS uptake (swelling) of the samples were recorded by immersing them into the PBS 
media, where instantaneous uptake occurred during the first 30 sec and it remained 
unchanged up to 3 days in the media.  
 
Figure 5-4 Influence of matrix ratio, concentration and crosslinking on the swelling degree of 
CNF-GEL aerogels with varying ratios 
The swelling degree values of the submerged samples are dependent on the compositions 
of the samples as well as their porosity and were recorded in the range of 1700-2800% of 
their original dry weights (figure 5-4). By looking at the SEM images (figure 5-3), it 
shows that highly porous structure with open pores can influence the water penetration 
speed and amount of water uptake. Also, it was observed that the reference matrix sample 
(CNF100) absorbs PBS instantaneously and disaggregates due to no other matrixes to bind 
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the fibres. Nevertheless, the developed biocomposite offers excellent swelling degree, 
where the highest swelling degree was recorded for sample 2 (CNF90-GEL10) and sample 
4 (CNF90-GEL10 X) which are 2790, and 2567% of their initial weight, respectively. 
Addition of the gelatine alters the swelling degree, where the samples with higher gelatine 
concentration tend to have lower swelling degree, such as sample 2, 3 and 4 with swelling 
degree of 2784 ± 5.4, 2106 ± 2.5, and 1701.3±5 %, respectively. The addition of 
crosslinking agent shows no noticeable impact on the swelling degree of the scaffolds.  
Due to presence of ionic charge on CNF’s backbone, a Gibbs-Donnan effect is induced 
(subsequent osmotic effect) which promotes more water penetration into the aerogel with 
higher CNF concentration to dilute, resulting in higher swelling degree (Grignon and 
Scallan, 1980).  
This study confirms the excellent water penetration of the developed biocomposite and 
the swelling degree of the CNF-gelatine matrix (figure 5-4b). It also suggests the 
important role of the composition parameters and amount of matrix in contribution to the 
swelling degree.  
5.3.3. Mechanical properties of CNF-gelatine  
The mechanical compression test was performed to obtain the compressive strength of the 
samples as a crucial property to assess the robustness of the aerogels. The compressive 
stress and compressive modulus of each sample are presented in table 5-3 and figure 5-5 
is the stress-strain curves. The compressive stress-strain curves of the CNF-GEL samples 
in dry state (room temperature) are presented in figure 5-5c and d. There are no changes 
on the cross-sectional area and no buckling occurred during the test. The compressive 
stress-strain curves can be divided in three regions; a linear elastic region at a strain <5%, 
long plastic deformation region (shown as stress plateau) and finally the densification 
region. Also, no yield stress is detected at high strains which confirms the typical 
deformation behaviour for highly porous structures. The stress-strain curves also show 
progressive increase until densification and no yield stress was observed. Literature 
suggested these curves are typical behaviours of natural polymer based aerogels, silica 
aerogels and cellulose nanofibres based aerogel (Sehaqui, Zhou and Berglund, 2011). The 
compressive strength of the aerogels was recorded within the range of 27.75 ± 0.18 to 74.13 
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± 0.23 kPa. Sample 1 (CNF100) shows the highest compressive strength (74.13 kPa), which 
is due to the existence of lamellar 2D sheet fibrils in CNF based aerogels (appearance of 
2D sheet morphology). Also, high crystallinity and fibrous structure of CNF benefits the 
high compression stress. By incorporating the gelatine into the biocomposite, the 
compressive strength is gradually reduced depending on the gelatine concentration. The 
compressive strength of the uncrosslinked samples (sample 3-5) are gradually decreased 
with increase in gelatine concentration, and they are 53.412 ± 0.41, 42.31 ± 0.27, 27.75 ± 
0.18 kPa, respectively. As the gelatine concentration increases, weaker ionic bonds are 
formed, resulting in lower compressive strength. However, the use of EPH as the chemical 
crosslinking agent recovers the compressive strength of the corresponding biocomposites 
(sample 6-8). Their compression strength is 61.35 ± 0.22, 51.402 ± 0.3, and 30.067 ± 
0.035, respectively. By comparing the compressive modulus of the developed scaffolds 
to that of natural skin tissue in the range of 0.015–0.05 MPa (Martin et al. 2015), the 
mechanical properties of developed aerogels are within the range for soft tissues 
engineering applications.   
 
Figure 5-5 Compressive stress-strain curves of CNF-G (a) crosslinked aerogels and (b) uncross-
linked aerogels. 
 
Sample 5 (CNF50-GEL50) exhibits the lowest compressive strength (27.75 ± 0.18 kPa) 
compared to the other samples. This is mainly due to the presence of higher concentration 
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of gelatine in the matrix, which inherently offers the low mechanical properties compared 
to cellulose nanofibrous (Gorgieva, Girandon and Kokol, 2017). By incorporating the 
chemical crosslinking agent (EPH), the compressive strength is enhanced on all the 
samples. Consequently, sample 6 (CNF90-GEL10 x) shows the highest compressive 
strength amongst all the samples. 
Table 5-3 Mechanical properties of the 3D CNF-GEL aerogel biocomposites 
Samples Density 
(g/cm3) 
Compressive 
strength (kPa) 
Compressive 
modulus (kPa) 
Specific compression 
stress (kgPa/gcm3) 
Sample 1 0.026 74.13 ± 0.23 13.43±0.01 2851.15 
Sample 3 0.03 53.412 ± 0.41  10.201± 0.02 1880 
Sample 4 0.0292 42.31 ± 0.27 7.89 ± 0.01 1448.972 
Sample 5 0.0296 27.75 ± 0.18 4.26 ± 0.01 802.036 
Sample 6 0.0307 61.35 ± 0.22 12.251 ± 0.02 1900.651 
Sample 7 0.02927 51.402 ± 0.3 9.983 ± 0.03 1756.132 
Sample 8 0.03 30.067 ± 0.035 4.876 ± 0.03 935.566 
  
5.3.4. ATR-FTIR analysis of CNF-gelatine biocomposites 
The FTIR spectra of the samples with different biocomposites were recorded and shown 
in figure 5-6. Sample 1 (CNF100) shows a peak in the region from 3400 to 3000 cm-1 which 
corresponds to the hydroxyl group of the cellulose. The peak around 2899 cm-1 is 
attributed to the methyl C-H functional group (Liu et al. 2010). The peak for the carbonyl 
group is around 1700 cm-1 in the neat cellulose (sample 1). When the gelatine was blended 
with CNF, the intensity of the carbonyl group O-H and hydroxyl group of the 
biocomposite is further reduced (sample 3-8). Furthermore, by addition of 10, 30 and 50 
wt. % gelatine into the CNF suspension, appearance of weaker peak at the O-H group 
(around 3300 cm-1) is evident. The observed peak intensity increase is due to the 
interaction between the gelatine and CNF (Fujisawa et al., 2011). Also, at the carbonyl 
peak (around 1650 cm-1), addition of gelatine reshapes the peak form sharper to a wider 
peak, which can be even more evidently seen by comparing sample 8 (highest gelatine 
concentration) with sample 1 (gelatine free). In the presence of the crosslinker, the CNF-
gelatine carbonyl group and hydroxyl group intensity are further reduced. This intensity 
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reduction could be due to the chemical crosslinked network formation between the CNF 
and gelatine. Furthermore, existence of carboxyl and amine groups in gelatine, as well as 
methylol and hydroxyl groups in cellulose creates a strong hydrogen bonds between the 
two components, resulting in alteration in absorption peaks. The FTIR analysis suggests 
that CNF and gelatine can form compatible mixture through the interaction between them. 
Owing to this interaction, CNF-gelatine mixture can results in 3D structured aerogels 
(Fujisawa et al., 2011; Spaic et al., 2014).  
 
Figure 5-6 FTIR spectra of the scaffolds with different compositions. 
Table 5-4 Assignment bands for FTIR of CNF and gelatine.  
Assignment CNF Assignment Gelatine 
β-Glycosidic linkages of 
glucose ring 
895 N-H out of plane 
wagging 
670 
C–O stretching 1035 CN stretching 1238 
C-O deforming band 1204 N-H bending 1543 
O-H bending  1335 C=O stretching 1650 
O-H stretching 3319 Amide N-H stretching 3314 
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5.3.5. TGA analysis of CNF-gelatine biocomposite 
The thermal stability of the aerogels was analysed and summarized in figure 5-7a, b and 
in table 5-5.  The TGA patterns were divided into three regions where the first region from 
room temperature to 200 ᵒ C is due to the evaporation of moisture absorbed by the aerogels. 
All the samples showed a similar weight loss of around 10% up to 150 ̊ C. The second 
phase involves rapid mass loss occurring above 250 ᵒC, which accounts for oxidative 
decomposition of the cellulosic molecules, which is then followed by carbonization 
during the final stage (Shi et al., 2011). Table 5-5 represents the onset decomposition 
temperature (Td5%, which represents 5% weight loss), maximum weight loss degradation 
(Tmax), and the char residue at 800 ᵒC.  
It can be seen from the table that the onset and maximum thermal degradation temperature 
of the cellulose are improved after the incorporation of more than 30 wt.% gelatine, which 
is due to the higher thermal stability of the gelatine.  The addition of the crosslinker into 
sample 3 and 4 further enhances the onset and maximum thermal degradation 
temperatures. The TGA analysis suggests that to improve the thermal stability of the CNF 
with gelatine, more than 10 wt. % of gelatine should be incorporated into the composites. 
The crosslinking agent does not significantly affect the char residue compared to their 
corresponding formulations. Overall, the CNF based scaffolds are preserved from thermal 
degradation until 50 ̊C (resemble in-vivo condition) and exhibit high thermal stability 
which makes them ideal to be used as scaffolds.   
Table 5-5 TGA results for various biocomposition  
Samples Onset Degrad. 
Temp. (ᵒC) 
Max Degrad. 
Temp. (ᵒC) 
Char. Residue 
 (%) 
Sample 1 242.37 304.78 12.76 
Sample 2 246.40 290.92 2.14 
Sample 3 264.23 325.97 8.084 
Sample 4 273.27 337.71 14.01 
Sample 5 241.7 307.23 3.18 
Sample 6 270.84 330.056 9.72 
Sample 7 280.30 347.8 14.96 
Sample 8 242.37 304.78 12.76 
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Figure 5-7 TGA analysis of (a) weight loss and (b) derivative weight of aerogels for various 
samples as a function of temperature. 
5.3.6. in-vitro biodegradation analysis of CNF-gelatine 
The degradation of the scaffolds was investigated by assessing their weight loss as a 
function of soaking time in PBS media containing lysozyme for 2, 5, 9, 14, 27, 35, 44 and 
56 days. As shown in figure 5-8a, sample 1 (CNF100) exhibits the least biodegradation rate 
with a weight loss of 12.2% over the 56 days period during in-vitro analysis. This 
correlates to the inherent nature of cellulose resistance towards enzymatic degradation in 
human body due to the high number of OH group in its structure and abundance of enzyme 
being able to break the  β(1→4) linked D-glucose units (Syverud, 2017). Neat starch 
(sample 2) shows the fastest weight loss due to its fast degradation, where the whole 
structure is fully dissolved in 3 days. Looking at figure 5-8a, the addition of gelatine into 
the matrix increases the enzymatic degradation rate (increasing sample’s weight loss) over 
time, where sample 3, 4 and 5 (uncrosslinked samples) showing weight loss of 
31.32±1.14, 56.13±1.47 and 63.47±2.3%, respectively. The highest weight loss is 
recorded to be 63.47±2.3 % for Sample 5 (CNF50-GEL50), which contains the highest 
concentration of gelatine. Therefore, it can be suggested that the addition of gelatine into 
CNF can improve the slow enzymatic degradation of CNF in-vitro, making such 
biocomposite suitable for father in-vivo analysis investigation for wound healing.  
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Figure 5-8 biodegradation analysis of the fabricated scaffolds as a function of weight loss after 
incubation in lysozyme at 37 °C during various time intervals (a) the biodegradation pattern of 
various CNF-GEL biocomposition sample 1-8. (b) Average weight loss comparison of 
uncrosslinked and crosslinked samples compared with neat CNF. 
Looking at figure 5-8b, reinforcing the biocomposites with the crosslinking agent (EPH) 
enhances their resistance to biodegradation for each time interval. Figure 5-8b compares 
the average degradation rate of reference matrix (CNF100) with those of the uncrosslinked 
and crosslinked composites. As shown, the average weight loss due to enzymatic 
degradation of the uncrosslinked sample over 48 days is 53.92±2.04%, whereas the 
crosslinked samples degrade to 49.94±1.98% of their original weight. This could mainly 
be due to the enhancement on molecular interaction between cellulose and gelatine 
through chemical crosslinking, which is also linked to the enhanced mechanical strength 
of the crosslinked CNF-GEL.  
The optical images of the scaffolds shown in figure 5-9a and b illustrate visual changes in 
macrostructure of each sample at different time intervals. The changes were observed 
from day 1 to day 56, where rapid breakdown in the size of the specimens are observed 
and compared to one another. The uncrosslinked biocomposite with higher concentration 
of gelatine (sample 3 and 4) have faster structural changes from day 28 onwards and 
gradual degradation is observed until day 56. By incorporating the crosslinking agent, the 
degradation rate is reduced, as the specimens maintain their structures, however 
significant degradation is observed from day 28 to 56.  
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Figure 5-9 optical observation of scaffolds at different time intervals after subjected to in-vitro 
degradation media (a) uncrosslinked, b) crosslinked. 
Overall, sample 7 shows adequate enzymatic biodegradation while maintaining its 
structure, making it an ideal choice for further biological analysis. Moreover, by tuning 
the concentration of cellulose and gelatine, as well as addition of crosslinking agent, we 
are able to control the degradation rate of nanocomposite scaffolds for wound healing 
application.  
5.3.7. in-vitro cytocompatibility of CNF-gelatine biocomposite 
The cytotoxicity of the 3D biocomposite scaffolds were investigated using quantitative 
analysis through MTT assay. The HDF’s viability percentage was studied by being in 
contact with the scaffold’s extraction (shown as purple colour in figure 5-10b), where 
different extraction times are presented and compared with the control samples. This test 
was performed to assess the metabolic activity of HDF cell line as a direct recognition to 
live within a structure.  
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Figure 5-10 visual observation of various biocomposition’s cell proliferation of different 
scaffold’s matrices through colour gradients for MTT assay over 5 and 10 days.  
The cell metabolic activity of different CNF-GEL biocomposites was measured by MTT 
assay at 5 and 10 days of culture and is shown in figure 5-10. Sample 1 (neat CNF) shows 
the least cell viability, and by addition of gelatine into the suspension, the cell’s 
cytocompatibility is improved. As stated by other authors, gelatine in polymers as a source 
of natural protein can enhance cell growth by providing nutrients and allowing more time 
for cell proliferation (Bilgic et al., 2013; Vasanthan et al., 2015). This can be noticed by 
looking at the cell activity after 5 days of exposure into the scaffolds (figure 5-12a), by 
addition of gelatine into the CNF suspension better cell proliferation is observed. 
However, there is a visible decrease in cell metabolic activity with further increase of 
gelatine concentration (sample 5 and sample 8). This could be due to the lower porosity 
of these scaffolds which could limit higher cell binding. Within the uncrosslinked samples 
at day 5, sample 4 stimulates more proliferation as it exhibits nearest absorbance to 570nm 
(figure 5-11a). Sample 7 (CNF70-GEL30 x) shows the highest cell proliferation compared 
to the other groups. This could be due to the more distinct interaction of positive protein 
groups of gelatine and negative charges of the cells, as well as the superior porosity 
structure of the sample. The cells exhibit enhanced attachment and proliferation at day 10, 
which corresponds to the adequate cytotoxicity of the developed scaffolds. Also, the 
addition of chemical crosslinking (EPH) has increased the percentage of the cell viability 
compared to the uncrosslinked group (figure 5-11a and b). Looking at the in-vitro results, 
Chapter 5: Development of tuneable porous 3-D hybrid CNF-Gelatine biocomposite 
scaffolds 
 
128 
 
the prepared 3D biocomposite scaffolds can promote cell spreading, and adhesion of HDF 
on scaffolds, as well as helping cells maintaining their phenotypic expression on the 
scaffolds (Sarker et al., 2014). Sample 7 was used for further visual observation of cell 
adhesion and proliferation using cell morphology. 
 
Figure 5-11  HDF Cell metabolic activity  cultured on scaffolds during 1, 5 and 10 days of cell 
culture (a)  cell viability analysis by MTT via metabolic absorbance at 570nm  (b) cell viability 
percentage on different samples during 1, 5 and 10 days of cell culture. 
5.3.8. Cell adhesion characteristics of CNF-gelatine scaffold 
The cell morphology and attachement assessments are important methdos used to 
investigate the relationship of cells seeded on the scaffolds with their envrionment. The 
attachment of the HDF cells on sample 7 is illustrated in figure 5-12. This image was 
taken from the interior of the scaffold (sample 7) and it validates the biocompatibility of 
the scaffold in culture condition. Looking at the MTT assay, biodegradability  and 
swellability conducted earlier, sample 7 shows the optimum characteristics compared  to 
the other groups, therefore, this sample was chosen for this part of the analysis. Figure 5-
12 illustrates the cell attachement of HDF cell line spreading throughought the scaffold’s 
pore, confriming the 3D cell cutlure matrix during 5 (figure 5-12a) and 10 days (figure 5-
12b) of cell culture. The cells are spotted inside the pore channels with round shaped 
structure (figure 5-12a) spreading inside the scaffold pore matrix (figure 5-12b) with good 
formation of colony and adhesion of the cells to the surface of the scaffold. This 
favourable interaction of HDF and CNF-gelatine scaffold validates the biocompatibility 
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of biocomposites.  Also, it can attributed to the use of gelatine in the precursor which has 
created provides a cell friendly microenvironment for the growth and proliferation of HDF 
(Sarker et al., 2014).  This superior cell attachment and spreading of HDF cells on CNF-
GEL biocomposites suggests better cytocompatibility than the CNF-starch scaffold.  
 
Figure 5-12 visual images taken by SEM from the interior pores of sample 7 after HDF cells 
seeded for 5 days at different magnification (a) at 100 µm, and (b) at 50 µm. The round shaped 
cells within the structure confirms the biocompatibility of the prepared scaffolds. Scale bar is at 
50 µm. Attached HDF cells are highlighted with red circles. 
5.3.9. in-vivo biocompatibility of CNF-gelatine scaffolds 
The in-vivo evaluation of CNF-GEL scaffolds was analysed to confirm the 
cytocompatibility of the scaffolds through in-vivo experiments. All the rats were healthy 
during 8 weeks of the experiment. Based on the physiochemical, mechanical and in-vitro 
biological investigation, sample 7 and 8 were chosen for the in-vivo study and are 
compared to the reference matrix (sample 1). Figure 5-13 illustrates the microscopic 
characteristics of the connective tissues surrounding the implemented scaffolds during 1st, 
4th and 8th week of implantation (the arrow indicates the inflammation, while triangle 
shows the foreign giant cells body types reaction). During the 1st week of implantation, 
sample 1 (neat CNF) shows moderate to severe acute inflammation and severe foreign 
body type giant cell reaction. Sample 7 and 8 on the other hand show mild to moderate 
inflammation and moderate foreign body giant cell reaction. At week 4, sample 1 still 
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illustrates moderate to severe inflammation with moderate to severe foreign body giant 
cell reactions, and sample 7 and 8 show mild inflammation and mild to moderate foreign 
body giant cells. At the 8th week, sample 7 and 8 only show minimal inflammation and 
foreign body giant cells compared to the sample 1, which confirms their excellent 
biocompatibility due to the improved interaction of the crosslinked CNF-gelatine. Also, 
it is worth mentioning that sample 7 remains its structure after 8 weeks of implantation, 
confirming its slow biodegradation in-vivo. This confirms that the addition of gelatine into 
the CNF reduce the inflammation from 1st week and given the physiochemical and 
biological results obtained for different samples, sample 7 could act as a potential 
candidate for tissue engineering applications.  
 
Figure 5-13 Histological in-vivo microscopic analysis of the CNF-GEL biocomposite for 
sample 1, 7 and 8 scaffolds implemented within the rat’s tissue.  
5.6. Summary 
The hybrid and biodegradable highly porous 3D structure aerogels were developed from 
cellulose nanofibrous (TEMPO-CNF) suspension, combined with gelatine by 
environmentally friendly freeze-drying technique for tissue engineering application. The 
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produced aerogels with variable concentration exhibited adequate compression strength 
from ~0.026 to 0.0307 MPa, porosity larger than >90%, and pores with varying pore size. 
This diversity in the range of pore sizes suggests that these scaffolds can be used for soft 
tissue regeneration. The FTIR analysis confirmed the interaction between the crosslinked 
CNF-gelatine. The thermal stability of the CNF-GEL biocomposites are shown to be 
satisfactory for physiological condition, and are shown to be varied and improved by 
incorporating the crosslinking agent.  The swelling degree of the biocomposite was shown 
to be improved at higher CNF concentration, which is mainly due to the highly porous 
structure of CNF-GEL aerogels, and the vast number of hydroxyl group existing in CNF 
structure. The incorporation of crosslinking agent also improved the moisture uptake and 
swelling degree of the CNF-GEL aerogels. This suggest that the crosslinking agent can 
enhance the hydrophilic characteristics of the CNF-GEL biocomposites. In-vitro 
biodegradation assessment suggests that CNF offers a slow enzymatic degradation rate, 
incorporation of gelatine can adequately accelerate the biodegradation, and the addition 
of crosslinking agent can also tune the degradation rate. Furthermore, the observed 
properties can be fine-tuned based on the end-user tissue engineering application 
requirements. The biocompatibility of the scaffolds was confirmed through both in-vitro 
and in-vivo assessment. HDF cells adhered to the surface of the scaffolds well which 
confirms the favourable interaction of cells and the developed scaffold. Amongst all the 
developed scaffolds, sample 7 showed the most optimal physiochemical and biological 
characteristics, appropriate as potential use for scaffolds in soft tissue engineering 
applications. The in-vivo investigation showed satisfactory improvement on inflammation 
and foreign giant body cell reaction on rat models during 1, 4 and 8 weeks of implantation 
of aerogels into the animal. This suggests satisfactory biocompatibility of the developed 
CNF-GEL 3D aerogels as potential scaffold for wound healing applications.  
The current fabricated, tuneable biocomposite scaffolds based on CNF and gelatine with 
gradient pore morphology and adequate mechanical properties, biodegradability and 
biocompatibility can be considered for wound healing application. To further assess their 
suitability, their antimicrobial and anti-inflammatory response needs to be investigated to 
obtain a more comprehensive overview of their application for wound dressing 
application. 
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Chapter 6: Curcumin coated gelatine-CNF porous 3D 
scaffolds with antimicrobial behaviour 
 
 
6.1 Introduction 
Over the past few decades, there has been a lot of researches on developing scaffolds for 
wound healing and skin reconstruction in the field of tissue regeneration. Moreover, 
extensive researches have been made on investigating the effects of material’s 
characteristics that influences cell attachment, growth, differentiation, vascularization and 
proliferation (Borena et al., 2015; Liu et al., 2016b). One of the major challenges of the 
developed scaffolds for wound healing application is its ability to protect the wound site 
against bacterial infection. Such a characteristic is not inherently available for many 
natural biopolymers used for scaffold fabrication used for wound healing.  
 Cellulose nanofibres (CNF) have been widely considered as a natural, robust biopolymer 
for scaffold fabrication for reconstruction of the skin layers (E. Y. X. Loh et al., 2018). 
Due to the hydrogelic and nanofibre structure nature of CNF, it has the potential to mimic 
the fibrillary component of skin’s native ECM, as well as to offer great capacity to retain 
moist, with excellent mechanical properties.  
Aerogels made of CNF and gelatine (CNF-GEL) have shown great potential by 
mimicking structural similarities to the biomacromolecules existing in skin’s ECM native 
tissues. Using gelatine in the biocomposite offers various amino acids and sugar-based 
macromolecules, which ultimately supports cells by providing nutrients and controlling 
tissue structure (Hoque et al., 2015). Gelatine is known to be one of the major components 
of epidermal layers existing on the skin. Also, because of its fast-enzymatic 
biodegradation, it can accelerate CNF’s slow enzymatic degradation, making such 
biocomposite aerogels an ideal option for wound healing application.  
Despite CNF-GEL’s superior physiochemical and biological characteristics, their anti-
microbial and anti-inflammatory response against bacteria are not sufficient and less 
explored (Khamrai et al., 2019). Therefore, it is essential to investigate the incorporation 
of antimicrobial agent into the biocomposite with antibacterial behaviour.  It is important 
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to note that such agents must make minimal changes into the overall structural properties 
of the biocomposites. There are various antibacterial agents being widely explored for 
wound dressings using gelatine and other polysaccharides, such as silver sulfadiazine and 
silver nanoparticles which are active against Pseudomonas aeruginosa, Escherichia coli 
and Staphylococcus aureus (Luan et al., 2012; Wu et al., 2014). These antimicrobial 
agents were mainly used in bacterial cellulose and enhanced the healing rate of the 
wounds on a mice.  
Recently, the natural polyphenolic compound extracted from curcuma longa (i.e. 
curcumin) has been explored for porous 3D aerogels. Curcumin (curc) is a hydrophobic 
material with low water solubility derived from rhizome of the herb curcuma longa, which 
has antioxidant anti-inflammatory, antimicrobial and anticarcinogenic functionality 
(Anand et al., 2007; Bhawana et al., 2011). However, the clinical application of curcumin 
is limited due to its instability and low solubility in aqueous solution (Kasoju and Bora, 
2012). This limitation can potentially be resolved by combining it with chemically 
synthesized plant-derived and modified cellulose (such as TEMPO-CNF), as the 
curcumin particles can dissolve in aqueous solution easily due to the existence of high 
hydroxyl group within the TEMPO oxidation of cellulose nanofibers. Also, addition of 
epichlorohydrin (EPH) as a chemical crosslinker can help the dissolvability of curcumin 
into the biocomposite. A study on a gelatine and bacterial cellulose composite with 
entrapped curcumin showed wound healing with antimicrobial behaviour (Khamrai et al., 
2019). An in-vitro test on HFDs cultured on bacterial cellulose composites incorporated 
with curcumin also revealed that the curcumin support cell adhesion, spreading and 
growth (figure 6-1). There is currently, to the best of our knowledge, no study investigated 
the effects of curcumin as an antimicrobial agent into the CNF-GEL porous 3D aerogels 
in-vitro. This can provide a platform to assess and observe more optimal characteristics 
for scaffold development, including more therapeutic cellular engineering by offering 
antimicrobial properties. In this chapter, I will explore the anti-microbial and anti-
inflammatory responses of the CNF-GEL biocomposites with incorporation of curcumin. 
Important characteristics will be discussed in terms synthesis, fabrication, characteristics 
and their application in cell culture and tissue engineering. It is expected that the optimal 
synergistic characteristics (physiochemical, mechanical and biological) of CNF and 
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gelatine discussed in chapter 5, with enhanced antimicrobial properties employed by using 
naturally occurring molecular agent (curcumin) can pave the way for developing smarter 
and superior precision therapeutics with an emphasis on natural, green and cost-effective 
biomaterials with tuneable characteristics.  
 
Figure 6-1 bacterial cellulose cultured with HDF in a pristine state (a), incorporated with 
curcumin (b), where curcumin was degraded and dissolved at 300 °C after 7 days of culturing 
(c). The cells were stained with red fluorescence, cell membrane and cytoplasm (Bacakova et 
al., 2019b).  
6.2 Material and methods 
Type a gelatine powder from porcine skin (300 Bloom, average molecular weight 50,000) 
was purchased from Sigma Aldrich, UK. The cellulose nanofibrous (CNF 1wt.%) 
dispersions based on 2, 2, 6, 6-tetramethylpiperidine-1-oxyl radical (TEMPO-oxidation) 
of the pretreated wood pulp (purchased from EMPA, Switzerland) was used as the 
reference matrix material (designated as 100CNF). Curcumin of 99% purity and lysozyme 
(grade III; from chicken egg white) was also purchased from Sigma Aldrich. All other 
reagents were sourced from University of Bolton’s biomaterials lab.  
6.2.1 Preparation of CNF-gelatine scaffold incorporated with curcumin 
Initially, 0.1 g of gelatine was poured into 10 ml distilled water in a flask and kept at 65 
°C while stirring using a mechanical stirrer at 400 rpm, until the gelatine powder was fully 
dissolved and formed a homogenous 1 wt.% gelatine solution. The 1 wt.% TEMPO-CNF 
suspension was then added to the homogenized gelatine solution in a ratio of CNF 70% 
and gelatine 30% (designated as CNF70-GEL30).  
To obtain a more dispersed nanocomposite structure, the TEMPO-CNF suspension was 
ultra-sonicated for two times of 10 min. The ultra-sonicated suspension was then added 
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to the gelatine solution and mechanically stirred overnight. Furthermore, 1 phr 
epichlorohydrin (EPH) was added to the CNF-GEL suspension as a crosslinking agent and 
left reaction for 4 hr at room temperature with the aid of mechanical stirring at 500 rpm 
to improve the mechanical and morphological characteristics of the nanocomposite 
suspension.  
Curcumin was incorporated dropwise into the crosslinked CNF-GEL suspension. Briefly, 
0.1 g of 99% purity curcumin was dissolved in distilled water of (1 w.t %) at 180 °C for 
1 hr using a magnetic stirrer at 500 rpm. To assess the effects of curcumin on both physical 
and biological characteristics of the scaffolds, two different concentrations (150 and 300 
µl) of curcumin were added to the CNF70-GEL30 respectively. Table 6-1 summarizes the 
biocomposites with different concentrations of curcumins with and without the 
crosslinking agent. Neat CNF70 - GEL 30 was used as the reference sample to compare the 
performance of the other composite aerogels.  
Table 6-1 composition of the precursor with various amounts of curcumin for scaffolds. 
Sample No Biocomposites CNF (wt. 
%) 
Gelatine 
(wt. %) 
Curcumin 
(µl) 
Crosslinker 
(EPH) (Phr)* 
Sample 1 CNF70 – GEL30 70 30 0 0 
Sample 2 CNF70 – GEL30 x 70 30 0 1% 
Sample 3 CNF70- GEL 30 C150 70 20 150 0 
Sample 4 CNF70- GEL 30 C150 x 70 30 150 1% 
Sample 5 CNF70- GEL 30 C300  70 30 300 0 
Sample 6 CNF70- GEL 30 C300 x 70 30 300 1 
 
The CNF-gel suspensions incorporated with curcumin were then unidirectionally 
solidified by freeze drying process to obtain the scaffolds as follows. A tube-shaped 
aluminium mould (fout=16mm, fin = 12mm, with L=11mm), of which its bottom was 
sealed with an aluminium foil (since it creates a more conductive environment to shape 
unidirectional ice crystals). The mould was filled with 2 ml of the prepared suspension 
and frozen at -50 °C from top to bottom, followed by freeze drying the sample under the 
following condition: drying at -58 °C at 0.002 mbar for 48 hr. The freeze dried scaffolds 
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were then carefully ejected from the aluminium tube, placed in an oven at 70 °C for 4 hr 
for thermal crosslinking of the samples, and finally preserved in silica gel desiccator.  
 
Figure 6-2 schematic presentation of preparation of CNF-gelatine incorporated with curcumin 
with different concentration as shown in table 6-1. 
6.3 Characterisation of aerogel 
6.3.1 Porosity of curcumin incorporated CNF-GEL 
The curcumin incorporated CNF-GEL porosity was assessed using the liquid 
displacement method. In this technique, a displacement liquid of ethanol was used for the 
biocomposite. The initial dry weight (W0) and volume (V0) of each sample were measured 
under a vacuumed condition. The density of the samples was also measured by dividing 
the weight by their volume. The weight of the samples was recorded again as W1, and the 
porosity was calculated from equation 1 (presented in chapter 3, section 3.3.2). Three 
samples were tested, and the average value was considered.  
The pore morphology of the aerogel was observed using Field Emission Scanning 
Electron Microscopy (FE-SEM). Prior observing by the microscopy, the cross 
longitudinal sections of the aerogels were prepared cryogenically and coated with a thin 
layer of gold.  
6.3.2 FTIR evaluation of curcumin incorporated CNF-GEL 
Attenuated Total Reflection Fourier transform infrared spectroscopy (ATR-FTIR) spectra 
were obtained to analyse the chemical structural properties, molecular composition and 
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functional groups of the developed scaffolds. Approximately, 2 mg of each sample was 
hydraulic pressed to create a pellet size of 8 mm. The pellets were then utilised for the IR 
measurements. The test was running on absorbance mode with wavelength from 400 to 
4500 cm-1.  
6.3.3 Swelling behaviour of curcumin incorporated CNF-GEL scaffold 
The ability of the developed scaffolds to swell in aqueous media was analysed in PBS and 
the experiment procedure is explained 3.4.3. The swelling percentage was determined 
using the equation 2.  
6.3.4 Biodegradation of curcumin incorporated CNF-GEL scaffold 
The biodegradation behaviour of the developed scaffolds was observed using the 
procedure explained in section 3.4.4. The degradation rate of the scaffolds was 
investigated at 2, 5, 9, 14, 20, 27, 35, 44, and 56 days and the weight loss due to 
degradation was recorded. The weight loss was calculated from the equation 3.  
6.3.5 Mechanical properties of the curcumin incorporated CNF-GEL scaffolds 
The compression test was carried out to assess the compressive strength of the cylindrical 
shaped samples with a dimension of 9.6 mm in diameter, and thickness of 11 mm.  
Compression test was performed as explained in section 3.4.5. The compression strength 
was calculated from the formula (S=++,-, ), where F is the applied force, and A is the cross-
sectional area of each sample. Three tests were carried away for data analysis.  
 
6.4  In-vitro cell analysis of curcumin incorporated CNF-GEL scaffold 
6.4.1 in-vitro CNF-gel curcumin drug release 
To study the curcumin release in-vitro, dialysis tubing was purchased from Sigma 
Aldrich, UK. Initially, to remove the preservatives, they were immersed in DW overnight. 
Subsequently, two separate dialysis sacs were prepared: one containing CNF-GEL with 
no curcumin as a control, and the other containing CNF-GEL incorporated with different 
concentrations of curcumin and crosslinking agent. PBS containing 20% v/v methanol 
with pH 7.4 was used. The sacs were placed in the PBS solution via a glass rod and kept 
at 37 °C and stirred at 150 rpm using a magnetic stirrer for 30 min. Each sample was 
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collected at the selected time interval, and their absorbance was measured using BioTek 
plate reader.  
6.4.2 Cell isolation and culture 
The cell isolation and culturing were employed as explained in section 3.5.1 of this thesis. 
The culture environment was maintained at 37 °C 5% CO2 with 80% RH. HGFs were 
then separated from the non-adherent cells in a culture flask by discarding the non-
adherent cells. It is worth mentioning, due to the shortage of HDF at our laboratory, the 
human gingival fibroblast (HGF) was used for cell culturing. These are very similar cell 
line to HDF, hence same cell culturing protocol was used (Dean, Culbertson and 
D’Angelo, 1997).  
6.4.3 Cell seeding on CNF-gel scaffold with curcumin 
The samples were cut into circular shapes (diameter of 9.5 mm and thickness of 1 mm) 
and sterilized (soaked in 70% ethanol and washed with PBS) before seeding. Cells were 
then seeded on the sterilized scaffolds in a 24 well plates with a seeding density of 1 x 105 
cells/ml. The seeded scaffolds were then placed for incubation in an incubator containing 
5% CO2 at 37 °C.  
6.4.4 Measurement of cytotoxicity through metabolic activity (MTT) 
The metabolic activity of HGF cells cultured on the developed scaffolds were analysed 
through quantitative measurement of MTT [3-(4, 5-dimethylthiazol-2-yl)-
diphenyltetrazolium bromide] assay as explained in section 3.5.2.  
6.4.5 Morphology and cell attachment of CNF-gel with curcumin 
To assess cell morphology on the scaffolds, the HGF cells seeded on the scaffolds were 
fixed using 2.5% glutaraldehyde. Each sample was rinsed with PBS, followed by 
dehydration using graded series ethanol (30, 50, 70, 90 and 100%) for 5 min each (Lee 
and Chow, 2012). The samples were then dried at room temperature, sputter coated with 
a thin layer of gold and observed using SEM.  
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6.4.6 Antimicrobial effect of CNF-gel scaffold with curcumin 
To observe the antimicrobial effect of the curcumin incorporated CNF70-GEL30 aerogels, 
antimicrobial activity was investigated against both Gram-positive bacteria (B.subtilis) 
and Gram-negative bacteria (E. coli) via the disc diffusion method. This test was carried 
out by first sterilising a circular disc shaped polymer aerogel using neat ethanol and agar 
diffusion method using Pseudomonas aeruginosa.  Each test sample was then placed over 
the sterile cultured media in aseptic condition and incubated for 24 hr at 37 °C. After 
incubation, the zone of inhabitation (ZOI) was measured to assess the antimicrobial 
behaviour of the curcumin coated CNF-gel scaffolds. The test was done twice for each 
sample with different curcumin concentrations, neat CNF70-gelatine30 and the crosslinked 
samples to ensure the repeatability of the test.  
 
6.5  Results and Discussion 
6.5.1 Microstructure analysis of CNF-GEL curcumin 
Scaffolds must possess sufficient pore size with interconnected pore structures in order to 
supply nutrients, oxygen and support cell growth and migration. Figure 6-3 shows the 
pore structure of different samples with and without curcumin obtained by SEM. As 
shown, all scaffolds possess porosity of more than 90%, with open microporous structure 
with different pore sizes and adequate pore interconnectivity. Table 6-2 summaries the 
average pore size and the porosity of the developed scaffolds. Sample 1 and 2, which are 
curcumin-free scaffolds, show bigger pores with pore size interval between 20 – 86 and 
22-91 µm (figure 6-3a). The incorporation of curcumin shows no effect on the overall 
porosity of the developed scaffolds, however, since curcumin is a hydrophobic material, 
it can potentially decrease the water content during the freezing process, resulting in 
formation of smaller ice crystals, which in return can create smaller pores during 
sublimation upon freeze-drying. The curcumin nanoparticles can be seen in figure 6-3f 
and g, where rode shape particles are found within the structure (highlighted with red 
circle in figure 6-3 f and g). This is in agreement with earlier reports in the literature 
(Athira and Jyothi, 2014). The scaffold’s pore size highly depends on formation of the ice 
crystals, and for this study, a unidirectional ice crystal formation was obtained (figure 6-
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3b and c), which could result in better cell viability. The obtained pore sizes of the 
developed scaffolds in this study are within the desired range of pore size required for 
skin tissue regeneration (Zhong, Zhang and Lim, 2010). 
  
Figure 6-3 SEM images of developed (a) sample 1 cross section (no curcumin was) (b) sample 
3 longitudinal surface (CNF-gel C150), (c) sample 4 longitudinal surface CNF-gel C150 x, (d) 
sample 5 (CNF-gel C300), and (e) sample 6 (CNF-gel C300 x). All scaffolds offer open porous 
structure with interconnected pores. Figure f and g shows the appearance of curcumin coated on 
the surface of CNF-gel microfiber with difference concentration (150 and 300 µl respectively) 
 
Table 6-2 scaffold’s pore size, density and porosity with various composition  
Sample No. Density 
(g/ cm3) 
Pore size 
Interval (µm) 
Ave. Pore sizes 
(µm) 
Porosity 
(%) 
Sample 1 0.0291 20 - 86 52.5 ± 23.24 92.35 ± 1.32 
Sample 2 0.0280 22-91 62.5± 30.78 94.87±1.075 
Sample 3 0.02795 15 – 63 39 ± 21.00 93.05 ± 1.11 
Sample 4 0.0265 13-74 43.5± 30.28 93.78 ± 1.87 
Sample 5 0.0281  11–51  31± 20.54 91.22± 1.43 
Sample 6 0.0258 10-61.5 35.75 ± 22.63 93.55 ±1.22 
6.5.2 Structural analysis of curcumin incorporated CNF-GEL  
FTIR spectroscopy of curcumin incorporated CNF-GEL  
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FTIR was used to determine the interactions between various chemical groups present in 
the developed biocomposites. Figure 6-4 shows the ATR-FTIR spectra in the absorbance 
mode for the CNF-gelatine biocomposites with and without curcumin and crosslinking 
agent (Sample 1-6). 
The CNF70-gelatine30 biocomposite shows broad peaks at 3400 cm-1 and 1600 cm-1, that 
correspond to the stretching vibrations of N-H and C=O respectively. Also, the peak 
characteristics at 1600 cm-1 and 1100 cm -1 correspond to the N-H deformation and C-N 
stretching respectively. These characteristic peaks are identical for all the biocomposite 
containing CNF and gelatine, which is in agreement with previous studies (Gorgieva, 
Girandon and Kokol, 2017). Epichlorohydrin (EPH) was used as the crosslinking agent 
for CNF and gelatine biocomposites, which can be seen in both halide and epoxide 
reaction existing in the hydroxyl groups of the crosslinked cellulose and gelatine 
biocomposites (sample 2, 4 and 6), which confirms the interactive crosslinking. 
The FTIR spectrum of the neat curcumin (sample 7) shows functional groups such as 
hydroxyl, carbonyl and ethylene group with peaks between 3400-3509 cm-1, 1600-1650 
cm-1 and 1510 cm-1 respectively, as reported in literature (Athira and Jyothi, 2014).  Also, 
sample 7 (neat curcumin) spectral peaks between 700-950 cm-1 (725 cm-1, 820, and 967 
cm-1) confirm the bending vibrations of –CH bond for alkene group (Kim et al., 2013). 
Moreover, spectrum of sample 7 shows characteristics peak at 1601, 1506, 1274 and 1152 
cm-1, which are attributed to the stretching vibrations of benzene ring, C=C vibration and 
C-O-C stretching modes, respectively (Gunathilake, Ching and Chuah, 2017).  The C-O 
stretching frequency of ether group in curcumin can also be seen in biocomposite 
incorporated with curcumin (sample 3-7), which confirms their interaction (Modi and 
Pitre, 2010; Zaibunnisa, R and H, 2011). Also, the absorption in the range of 1400-1500 
cm-1 represents the –C-O elongation frequency for the OH groups in both curcumin and 
curcumin loaded biocomposites. These results are in agreement with the ones reported by 
Singh et al, Geetha et al, and Krishna Mohan et al (Mohan et al., 2012; Athira and Jyothi, 
2014).   
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Figure 6-4 ATR-FTIR spectra of the CNF70-gelatine30 biocomposite (Sample 1-6), and neat 
curcumin (sample 7).  
6.5.3 Swelling behaviour of curcumin incorporated CNF-gel  
The water retention of the scaffold is a critical aspect in estimation of fluid uptake from 
the medium. The high swelling degree of the developed CNF70-GEL30)aerogel is mainly 
associated with its highly porous structure, which allows water to penetrate through its 
pore, making it ideal for cell proliferation and support of nutrients (Liu et al., 2016a). It 
has already been discussed in the previous chapters that CNF offers higher water uptake 
compared to gelatine. By encapsulating the curcumin into the CNF-GEL matrix, the water 
uptake behaviour could be subjected to alteration due to curcumin’s hydrophobic nature.  
Figure 6-4 indicates the percentage of swelling of the scaffolds as a function of time with 
various concentrations of curcumin (150 and 300 µm respectively), with and without the 
presence of crosslinking agent (EPH). Rapid swelling behaviour was reported for all the 
samples within the first 24 hours, and kept a slight increase after 48 hrs, and reached 
saturation afterwards. The fast initial swell is mainly due to the highly porous structure 
(>90%) of the developed aerogels, as well as hydrophilic nature of both the TEMPO-CNF 
and gelatine, which allows water penetration inside the scaffolds rapidly, and the steady 
swelling after 24 hr can be linked to the water binding of gelatine with CNF. According 
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to Ebisike et al., aerogels with pore sizes of hundred micrometre are classified as super 
porous structures and can act as capillary form causing rapid water penetration into the 
porous structure (Ebisike, Okoronkwo and Alaneme, 2018). Sample 1 shows the highest 
swelling rate compared to the other samples over 3 days (average swelling of 2022%), 
which could be attributed to the existence of hydroxyl group and high-water retention 
property of CNF. The samples started to immediately swell once immersed in water and 
reached saturation after 72 hours. By incorporating the curcumin, the swelling rate 
decreased slightly, this can be seen in sample 3-6, the swelling degree started to decrease 
(noted as 1991, 1896, 1881 and 1871 % respectively). Addition of curcumin into the 
biocomposites decreases the swelling rate (figure 6-5), which could be attributed to the 
curcumin inherent hydrophobic nature (Schneider et al., 2015). Also, the smaller pore 
sizes of the curcumin loaded scaffolds plays a role in reduced water retention of the 
structure. The chemical crosslinking agent reduces the swelling degree in samples loaded 
with curcumin, as it improves the molecular interaction of curcumin with other chemical 
components and aid the faster release of curcumin.  
The water absorption capacities of curcumin loaded scaffolds were not significantly 
different from those of blank scaffolds, which is in accordance to the previous literature 
reported (Nguyen, Nguyen and Hsieh, 2013) 
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Figure 6-5 swelling characteristic of sample (1) CNF-gel (70:30), sample (2) CNF-gel 70:30 x, 
sample (3) CNF-gel C150, sample (4) CNF-gel C150 x, sample (5) CNF-gel 300, and sample (6) 
CNF-gel C300 x.  
6.5.4 Biodegradation of curcumin incorporated CNF-gel  
The in-vitro biodegradation of the developed scaffolds was investigated by measuring 
their weight loss percentage after incubation in SBF solution containing lysozyme at 
various time intervals (3, 6, 12, 24 and 48 days). Figure 6-6 shows the weight loss of the 
scaffolds as a function of incubation time in SBF containing lysozyme at 37 °C. The CNF-
gel biocomposites shows biodegradation due to the presence of –OH and –NH2 groups in 
the cellulose backbone as the primary component of the scaffolds (they have ability to 
interact with water). As shown, all samples are increasingly degraded through time. The 
weight loss of neat CNF70-gel30 is higher in 48 days of exposure in SBF solution (overall 
weight loss of 45.75%). The addition of crosslinker has an impact on degradation of 
scaffold, where the weight loss was recorded to be 43.4% over the same period of time. 
This could be explained as the physical crosslink between the surface hydroxyls of 
cellulose and –OH groups of gelatine molecules. This degradation rate of CNF-gel 
scaffold is attributed to the formation of strong hydrogen bonds between the hydroxyl 
groups of cellulose and gelatine. Also, the amorphous structure of the obtained scaffolds 
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allows for more water to penetrate through the biocomposites matrix encouraging a faster 
degradation rate.  
 
Figure 6-6 In-vitro biodegradation assessment of developed CNF-gel scaffold with and without 
curcumin. 
 
The biodegradation study of sample 3-6 which were loaded with different curcumin 
concentrations shows weight loss of 41.45, 40.47 39.32 and 38.43%, which could be 
merely attributed to the hydrophobic nature of curcumin preventing higher water 
penetration into the scaffold, resulting in lower degradation rate. This result can be 
validated from previous study, where they suggested curcumin degrades quicker at 
physiological environment and pH (Schneider et al., 2015) . This result can also be 
dependent on the swelling ratio and the amount of CNF within the scaffold.  
6.5.6 Mechanical properties of curcumin incorporated CNF-GEL 
Offering adequate mechanical strength is desirable for scaffolds to assess whether they 
can cater the stress imparted by the surrounding native tissue formed. Figure 6-7 shows 
the stress-strain curves of the compressive strength for scaffolds with different curcumin 
contents, with and without chemical crosslinker. The existence of curcumin shows to 
improve the compressive strength of the biocomposite. This result implies that an addition 
of curcumin into the biocomposites does affect the mechanical properties of the scaffolds. 
The uncrosslinked CNF70-gel30 scaffold (Sample 1) exhibits the lowest compressive 
strength of 43.45±1.21 kPa, and an addition of chemical crosslinking agent (sample 2) 
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improves the mechanical strength (52.34±1.08 kPa). The uncrosslinked curcumin 
incorporated samples (Sample 3 and 5) have the compressive strength of 51.34±1.57 and 
55.22±1.14 kPa, respectively. Additionally, higher concentration of curcumin resulted in 
increase of the compression strength. Also, the addition of crosslinking agent also 
improves the mechanical strength of the curcumin loaded scaffolds, and the compressive 
strength of sample 4 and 6 is 57.67±1.3 and 63.12±1.67 kPa, respectively. This could be 
explained because of the improved covalent bonding of the curcumin, CNF and gelatine 
through chemical crosslinking. Previous study suggested that higher crosslinking 
concentration is favourable for the mechanical stability, but it may decrease the porosity 
and cause lower drug release rate by diffusing through the porous media (Rathee et al., 
2012).  
 
Figure 6-7 stress-strain curve of sample 1-6 for compression test. 
6.5.7 in-vitro cytotoxicity assay of CNF-gel curcumin 
The metabolic activity of HGF cells seeded on the scaffolds is known to be a direct 
recognition of their ability to express progress as a living entity (Pati et al., 2013). 
Moreover, HGF cells react with a tetrazolium-based compound in the MTT assay and 
produce formazan products. The number of formazan products are then measured at the 
colour absorbance of 570nm, and it is directly proportional to the number of living cells 
in the culture (scaffolds), where the higher the colour absorbance, the more living cells 
exist within the scaffolds.  
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 The cell metabolic activity of the CNF-gel blend, with and without the crosslinking agent 
and various concentration of curcumin was measured through MTT assay in 3, 7 and 14 
days of cell culture. Figure 6-8 shows the absorbance at 570nm and the metabolic activity 
for the scaffolds with different curcumin concentrations seeded with HGF cells as a 
function of time. The samples without curcumin (sample 1 and 2) shows cell viability of 
more than 94% over 14 days. The addition of curcumin (sample 3 and 4) increased the 
cell viability to 97%, which could be related to the curcumin inherent anti-inflammatory 
and anti-microbial behaviour, resulting in longer cell viability. Furthermore, the instinct 
antimicrobial and anti-inflammatory characteristics of curcumin can potentially result in 
enhanced cell viability by protecting against bacterial and microbial infection (Khamrai 
et al., 2019).  There are no major differences in cell viability of all the samples within the 
first 3 days of culturing; sample 5 showed the least cell density appearance after 3 days 
and sample 3 exhibited the highest cell viability. On day 7, continuous cell proliferation 
was observed for all the samples, with sample 2 and 3 showing similar progress, and 
sample 4 had the highest cell density compared to other groups. The addition of curcumin 
increased the cell proliferation (sample 3 and 4), however, on day 7 the cell viability 
decreased when the curcumin concentration was doubled (sample 5 and 6). This decrease 
continues on day 14, where the cell viability of sample 5 and 6 was reduced to 63.4 and 
65.21% respectively. This shows that the scaffolds with lower concentration of curcumin 
have lower cytotoxicity behaviour. For the sample blended with higher concentration of 
curcumin (sample 5 and 6), the viability of HGF cells was decreased dramatically on day 
7 and 14. This could be due to the fact that curcumin has selective toxicity towards cancer 
cells ( not towards normal cell lines), as it can surpass the growth of tumour cells by 
bypassing NF-ĸ B regulated genes and generate toxic reaction (Mangalathillam et al., 
2012). This experiment confirms the biocompatibility of the developed scaffolds.  
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Figure 6-8 In-vitro cell culture of CNF70-gel30 biocomposites using  MTT assay to assess the 
cell proliferation through absorbance (a) and cell viability of various scaffolds with and without 
curcumin during 3, 7 and 14 days of cell culture. (b) percentage of viable cells during 3, 7 and 
14 days of cell culture using MTT assay.  
6.5.8 In-vitro drug release of curcumin incorporated CNF-GEL 
The release behaviour of curcumin from the CNF70-gel30 scaffolds is illustrated in figure 
6-9. There is evidence of burst release within the first 24 h for all the samples. This initial 
burst release could be associated with dissolution of curcumin from the surface of the 
scaffolds and spheres. The encapsulation efficiency of scaffolds with different curcumin 
contents (150 and 300 µl) with and without the crosslinking agent were 67.43 71.31, 75.03 
and 78.34 % respectively. This cumulative release amount of curcumin was obtained as 
the percentage of the actual curcumin’s amount in the biocomposites. The higher 
concentration of curcumin in sample 5 and 6 enabled higher drug release from the scaffold 
matrix. Also, the presence of the crosslinking agent (EPH) could trigger the higher release 
of the curcumin from the copolymer (CNF-gel), as it can be associated with faster 
degradation of curcumin due to the presence of chlorine, resulting in higher release of the 
drug. After the burst release, the releasing rate was steady with time, which could be due 
to the 3D nature (thickness) of the scaffold acting as a diffusion barrier (Fu and Kao, 
2010). Generally, the release rate of drug from the aerogel (3D scaffolds) biocomposite is 
dependent on the interaction of drug and the copolymer molecules, the scaffold’s swelling 
in aqueous and the solubility of the drug. The ATR-FTIR investigation in this study 
Chapter 6: Curcumin coated gelatine-CNF porous 3D scaffolds with antimicrobial 
behaviour 
 
149 
 
confirms the interaction of curcumin with CNF and gelatine. The steady release of 
remaining curcumin in the biocomposites after initial burst shows a slightly slower rate. 
This could be due to the protection afforded by the multi-barrier structure of TEMPO-
CNF and gelatine, which helped obtaining a sustained release phase for curcumin.  
Sample 3 had the lowest curcumin release after 24 hours (42.78%) and addition of 
crosslinking agent increased the release to 48.5% for the same concentration of curcumin. 
This trend was followed when the curcumin concentration was doubled in the 
biocomposite, where sample 5 and 6 had 56.5 and 61.23% drug release in 24 hours.  
 
Figure 6-9 in-vitro drug release of different concentration of curcumin on CNF70-gel30 bio 
composition.  
This study confirms that the interaction of curcumin with the CNF and gelatine, can 
provide a barrier to control the release of curcumin with and without the crosslinking 
agent, and this system can be suitable for wound dressing applications.  
6.5.9 Cell attachment observation of curcumin incorporated CNF-GEL 
The cell morphology and attachment of HGF cell line were assessed as they indicate the 
cordial relationship between seeded cells and the scaffold’s environment. It is vital to 
analyse the suitability of the biomaterials towards cell behaviour in culture condition. To 
do this, SEM was utilised to observe the attachment and spreading of HGF cells on sample 
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3 and 4 (figure 6-10), since they possess superior characteristics compared to the other 
groups. The round-shaped HGF cells (Gala-García et al., 2012) are found to be adhered 
to the scaffold’s matrix during 3, 7 and 14 days of culture (figure 6-9 a-d). By increasing 
the culture time, the HGF cells are shown to spread well throughout the CNF70-gel30 
scaffolds, confirming its superior cell supporting structure. Cells appear to spread more 
by addition of 150 µl in 1wt.% curcumin (sample 3 and 4) into the composite (figure 6-
10d-i). It is worth mentioning that using EPH as the crosslinking agent makes no toxic 
reaction on the developed scaffolds. The good adhesion of the cells to the surface of the 
scaffolds confirms the favourable interaction between HGF cells and CNF70-gel30 
incorporated with 150 µl 1wt.% curcumin, as well as its superior biocompatibility 
reported in MTT assay. 
 
Figure 6-10 FE-SEM images of cell morphology and attachment of HGF on sample 3 and 4 (a-
b) after 3 days. (c-e) after 7 days, and (f-i) after 14 days.  
It also suggests that varying the concentration of curcumin can affect the cell viability, 
moreover, curcumin at high concentrations exhibit high degradation products which can 
potentially disrupt the cell viability (figure 6-8) (Bacakova et al., 2019a).  
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It has been previously reported that cells thrive better on scaffolds with better 
hydrophilicity behaviour, and looking at figure 6-10 e and i, more cells appear to be 
adhering to surface on the scaffold with lower concentration of curcumin (sample 4) 
compared to when the curcumin concentration is doubled (O’Brien, 2011b).  
6.5.10 Antimicrobial study of CNF-gel curcumin 
The antimicrobial effects of sample 1-6 against B. subtilis (gram positive) and E. coli 
(gram negative) were investigated. Figure 6-11 illustrate the zone of inhibition (ZOI) 
formed from the antimicrobial behaviour of with and without curcumin loaded samples. 
The samples containing neat CNF70-gelatine30 (sample 1 and 2) have shown to be 
susceptible to colonization by bacteria (no antimicrobial activity was observed), leading 
to formation of bacteria on the disc shaped samples (sample 1 and 2) (Figure 6-11a and 
b). This is because of no antimicrobial activity by CNF and gelatine, since neither have 
antimicrobial behaviour on their own. However, the incorporation of curcumin into the 
biocomposites prevented the bacteria adhesion by creating zone of inhibition. Sample 3 
and 4 had the highest prevention of bacteria against E. coli and b. subtilis (zone of 
inhibition value of 7.4 ± 0.55, 12.34 ± 0.45, 8.1 ± 0.47 and 11.87 ± 0.65) (Figure 6-11g) 
respectively. The more efficient antimicrobial effect of curcumin against the gram-
positive bacteria could be because of the characteristic differences of the structure of the 
cell walls compared to the gram-negative. There is a protein encoded by the ftsZ genes, 
which is essential for growth of the bacteria and also it is a prokaryotic homologue of the 
eukaryotic cytoskeletal protein tubuli. The curcumin prevents the bacteria proliferation 
by inhibiting the FtsZ function which provides the antimicrobial behaviour of the 
biocomposites coated with curcumin (Wang, 2018).  
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Figure 6-11 antimicrobial activities of CNF-gelatine scaffolds against B.subtilis and E.coli (a) 
sample 1 (b) sample 2, (c) sample 3, (d) sample 4, (e) sample 5 and (f) sample 6. The orange 
arrow indicates the ZOI formed for each sample.  
The crosslinking agent (Epichlorohydrin) could have aided the dissolution of curcumin 
into the sample, resulting in diffusion of curcumin into the agar and creating a higher zone 
of inhibition. This was however not evident when the concentration of curcumin was 
doubled (sample 5 and 6) (figure 6-12), where less ZOI was observed against both gram 
positive and gram negative (ZOI value of 4.5 ± 0.25, 5.6 ± 0.43, 6.3 ± 0.23 and 3.23 ± 
0.14 mm respectively), which could be due to insolubility and hydrophobicity of curcumin 
at higher concentration.  
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6.6 Summary  
In this chapter, I investigated the effects of curcumin as an antimicrobial agent on overall 
functionality of the CNF-GEL biocomposite aerogels for wound healing application. The 
addition of EPH (chemical crosslinker) and curcumin on CNF70-GEL30 biocomposite 
aerogels showed minimal effect on the overall physiochemical, morphological (>90% 
porosity) and mechanical properties of the aerogels. The experimental investigation 
demonstrated that by incorporating curcumin into the crosslinked CNF70-GEL30, a rigid 
and porous scaffold with adequate enzymatic biodegradability, cytocompatibility, drug 
delivery and antimicrobial behaviour can be obtained. Moreover, the curcumin content 
improved the antibacterial activity of the CNF70-GEL30 scaffold against both gram-
positive (B. subtilis) and gram-negative (E. coli) bacteria. Also, the results of the drug 
release of curcumin exhibited a sustained release up to 80 hr.  From the obtained results, 
sample 4 (CNF70-GEL30 C150 x) exhibited more optimal characteristics; porosity of 
~93%, compression strength 52.6±1.3 kPa and high swelling degree (~1900% of its dry 
weight). Sample 4 offered superior antimicrobial activity against both gram-negative and 
gram-positive bacteria by creating highest zone of inhabitation (ZOI) and offered optimal 
HGF cell attachment onto its surface.  
Despite superior antibacterial behaviour, by increasing the concentration of curcumin to 
a higher level, the cell proliferation and adhesion shown to be sacrificed, which could be 
due to the existence of curcumin’s selective toxicity towards cancer cells at high 
concentration, as it can surpass the growth of tumour cells by bypassing NF-ĸ B regulated 
genes and generate toxic reaction.  
Overall, this study confirmed the antibacterial effect of curcumin as an active agent into 
the CNF-GEL biocomposite aerogel scaffolds, offering its potential application for further 
enhancement towards optimal scaffolds for wound healing application. 
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Damaged tissue and/or organ loss due to injury and degeneration are considered a 
worldwide healthcare issue that requires a facile and reliable treatment. Conventional 
treatment methods (such as organ transplant) often fail to provide optimal and long-lasting 
solution due to their various severe drawbacks. Consequently, patients suffer different 
malfunctions with continuous pain. In this context, functional porous 3D aerogels with 
tuneable physiochemical, mechanical and biological properties can offer promising 
alternative as a potential approach to help repair the damaged tissues and restore the 
normal functions of various organs.  
In this matter, designing, fabricating, tuning and developing 3D scaffolds using natural 
biopolymers to form biocomposites aerogel is ought to be investigated. Moreover, their 
morphological structure, water penetration capacity (swelling degree), mechanical 
rigidity, enzymatic biodegradation, cell attachment and viability are studied to optimise 
scaffold’s ultimate functionality for potential wound healing application. CNF-starch and 
CNF-GEL biocomposite aerogel were developed to optimise the resemblance of the ECM 
in terms of physiochemical, mechanical and biological characteristics.  
Modified cellulose nanofibril (TEMPO-CNF) offers many inherent properties that make 
it a favourable candidate as a suspension for scaffold fabrication. It has fibrous 
characteristics similar to the collagen proteins in ECM, as well as high fibril stiffness and 
matrix elasticity which can be controlled by adjusting the solid content that can be used 
as backbone of the scaffolds. It is also proven to be highly biocompatible. However, its 
enzymatic biodegradation has been a major drawback, where human body does not have 
the chemical or enzymatic activity to degrade cellulose and to cleave the glyosidic linkage 
between its monomers. To overcome this, the current study uses TEMPO-CNF as a 
suspension mixed with other fast enzymatic degradable natural polymers (starch and 
gelatine) to tune and develop aerogels with optimal physiochemical, mechanical and 
biological characteristics. Also, as an approach towards developing smart 3D 
biocomposites, drug incorporated scaffolds are developed using curcumin (an 
antimicrobial agent) to add antimicrobial behaviour to the scaffold’s functionality. 
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Developed porous 3D aerogels are shown to be highly scalable, reproducible and 
economical. To this end, smart biocomposite scaffolds using polymers and biomolecules 
is shown to be promising for the development of the next generation scaffolds with 
enhanced properties.  
The present research investigates the tuneablity of CNF with starch (CNF-starch) and 
gelatine (CNF-GEL) at different blend ratios to assess their suitability for wound healing 
application. The development of porous 3D CNF-starch offered porous structure (>90% 
porosity) with excellent mechanical properties (compression strength between 36.22 – 
67.23 kPa); however, the enzymatic biodegradation was not greatly improved for soft 
tissue regeneration and slow biodegradation was observed. Also, the cell viability and 
attachment of the developed CNF-starch were found to be unsatisfactory with highest cell 
viability of up to 62% within 10 days of cell culture. In-vivo study also revealed no sign 
of improvement on inflammation during 1st to 8th weeks of scaffolds implementation on 
rats, which makes this biocomposite least favourable for wound healing application.  
On the other hand, CNF-GEL biocomposite offered more superior physiochemical, 
morphological and biological properties. Excellent biocompatibility and 3D cell 
attachment was observed by investigating cell morphology within the biocomposites. The 
in-vivo experiments also revealed improvement on inflammation and foreign body giant 
cell reaction of surrounding tissues of the scaffold from 1st to 8th weeks of implantation in 
rats. The crosslinked CNF-GEL biocomposite with specified a concentration ratio (70-30, 
respectively) was shown to have appropriate physiochemical, mechanical (compression 
strength of 51.402 ± 0.3) and biological characteristics for wound healing application. 
However, they lack antimicrobial behaviour, which is an essential aspect for wound 
closure. Therefore, to overcome this shortage, curcumin, an extract of the rhizomes of 
Curcuma Longa, which is known for its anti-inflammatory, antioxidant wound healing 
activities, was incorporated into the CNF-GEL biocomposite. Curcumin was added to 
improve the antimicrobial and therapeutic activity of CNF-GEL biocomposite and to 
determine their functionality for wound healing application.  
Based on the experimental investigation, it is believed that synergistic potential of 
chemically crosslinked CNF-GEL biocomposite, with modified blend ratio of CNF to 
gelatine (70-30, respectively), incorporated with curcumin will pave the way for further 
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development of porous 3D aerogels as scaffolds for therapeutic application of wound 
healing. Some of the results from this research are highlighted below, respectively: 
 
i. In this part of the work, the research was conducted to assess the possibility of 
improving cell binding affinity and optimising enzymatic biodegradation of TEMPO-
CNF suspension combined with another polysaccharide (starch). Looking at the 
various biocomposites, the chemically crosslinked CNF70-starch30 showed more 
optimal characteristics, with a highly porous nanocomposite structure obtained by 
unidirectional freeze-drying technique. To enhance the biodegradability of the 
scaffold, starch was blended with TEMPO-CNF suspension followed by chemical 
crosslinking using epichlorohydrin. Porosity obtained for this sample was ~ 90%, with 
pore size between ~10-120 µm. The dispersion of TEMPO-CNF and starch with 
crosslinking led to improvement of compressive strength of the scaffolds. In-vitro 
enzymatic biodegradation revealed that addition of starch into CNF slightly increases 
the enzymatic degradation, however, over time, the biodegradation of such 
biocomposite remains a challenge. Also, cell viability assay (MTT) revealed only ~ 
60% cell viability in-vitro. The implantation of CNF-starch biocomposite showed no 
sign of improvement on the surrounding tissue in terms of inflammation and foreign 
body giant cell reaction during the in-vivo investigation during 1, 4 and 8 weeks of 
animal tests.   
ii. The poor enzymatic biodegradation of CNF-starch led to the exploration on CNF 
blended with gelatine (CNF-GEL) copolymer. Various highly porous 3D CNF-GEL 
aerogels with different blends ratios were developed using freeze-drying method. 
Amongst these blends, chemically crosslinked CNF70-GEL30 X was found to offer the 
optimal physiochemical, mechanical and biological properties. The scaffold had 
highly porous (>90% porosity) structure with open and interconnected pores, with 
compressive strength of ~ 51 kPa. Also, the addition of gelatine into the CNF 
suspension accelerated the enzymatic biodegradation rate, where the weight loss of 
14% for the neat CNF over 56 days was increased to 57% when 30wt. % gelatine was 
added. The developed scaffolds showed satisfactory cytocompatibility on human 
dermal fibroblasts (HDF) with suitable environment for 3D cell attachment and cell 
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metabolic activity (MTT assay). Also, in-vivo animal investigation revealed 
satisfactory improvement on inflammation and foreign body giant cell reaction the 
surrounding tissues of the scaffold during 8 week of implantation into rats, suggesting 
its functionality for wound healing application. Thus, it can be established that the 
developed scaffold can be used as an artificial extracellular platform for soft tissue 
(skin) regeneration.  
iii. The synergistic effects of TEMPO-CNF and gelatine were confirmed earlier in this 
work; therefore, attempts have been made to develop a smart 3D biocomposite 
scaffold with antimicrobial activity. To this end, curcumin with various concentrations 
was loaded on the CNF-gelatine scaffolds with a blend ratio of 70:30, with and without 
the crosslinking agent. Different biocomposites were prepared, and sample containing 
150 µl of curcumin (CNF70-gel30 C150 x) with crosslinking agent was found to be 
optimal for scaffold fabrication. The scaffold offered >90% porosity, with open and 
interconnected pores. The antimicrobial behaviour of curcumin was evident, where 
zone of inhibition was created when the scaffolds were exposed to both gram positive 
and gram-negative bacteria. The scaffolds also promoted cell viability and attachment 
to the scaffolds, where Human gingival fibroblasts (HGF) were cultured on the 
scaffolds. This result suggested the application of the developed scaffold could be 
suitable for wound healing due to its additional antimicrobial behaviour.  
Overall, this study developed hybrid, porous 3D biocomposite aerogels as scaffolds for 
tissue regeneration. CNF was used as the suspension, developed by incorporating starch, 
gelatine and curcumin to improve its functionality. This study suggests that scaffolds 
characteristics (physiochemical, mechanical and biological properties) can be tuned for 
various specific tissue engineering applications. Therefore, CNF-gelatine biocomposite 
aerogel with tuned synthesising parameters can serve as artificial scaffold for skin 
regeneration in future.  
Limitation and suggested future studies  
The demand for the green and sustainable materials is more than ever from the renewable 
biomass. Nanocellulose from biomass has been proven to have application in biomedical 
field, but these developments are at its early stages.  
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To further enhance the functionality of the developed scaffolds, further studies are 
required to optimise various parameters. For instance, the controllable swelling property 
of the TEMPO-CNF suspension based biocomposites holds the opportunity to incorporate 
other bioactive molecules (DNA, protein) and assess their application for wound healing. 
Further in-vivo studies are required to understand the functionality of these scaffolds for 
better understanding of physiological condition. Also, to further enhance the optimisation 
of the wound healing process, a chip-on smart wound dressing can be developed, where 
in-vivo activity of the scaffold can be monitored and optimised based on the required 
functions. 
Also, the in-vivo activity of the curcumin loaded scaffolds can be further explored to 
observe the application of drug loaded scaffolds for optimum tissue regeneration 
providing antimicrobial behaviour.  
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